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PREFACE TO THE THIRTY-NINTH 
- EDITION 

The continued and increasing demand for this book is indeed 
encouraging, but this edition cannot be expected to show the same 
extensive changes which distinguished the last edition from its 
predecessors, but many minor amendments have been incorporated 
and corrections made. For some - years it had been realised 
that no textbook of Physiology of convenient size can supply 
all the Histology needed by a medical student, the more so as 
the subject is now commonly taught in relation to Anatomy. 
Histology had therefore been drastically reduced to sections on 
structure in relation to function. This reduction has provided an 
opportunity for extensive revision of the illustrations generally, so 
that the book has taken on a somewhat changed appearance. In 
the last two editions no fewer than eighty new illustrations have 
been added and for some of these I am indebted to the Idndness of 
others. Sir E. and Lady Mellanby with Professor J. C. Brash 
have been good enough to provide illustrations of rickets. Professor 
Adrian of cerebellar localisation, Professor G-ilding of metabolic 
rate. Sir Thomas Lewis of pain. Professor Wishart of osmotic- action. 
Dr Broster of adrenal disease. Dr Denny ■ Brown of changes in 
urinar}' bladder pressure, Dr Seeker of intergland relationships,- 
Dr Dawson, of encephalogram. Dr Edridge-Green of colour vision. 
Dr Bryan ]\Iathews of high altitude. Dr Eaven of myxodoema. 
Dr Simpson of pituitary disease. Dr Smout and Messrs Arnold of 
muscle and lymph formation, and the Journal of the American 
Medical Association of thyroid diseases. The majority are, however, 
original but owe much to the fine draughtsmanship of Mr Staton 
and Mr Woods. . _ 

Unfortunately the possibility of purchase tax has made it 
impossible to include the usual blank pages for notes, but otherwise 
the needs of the medical student have been constantly kept in 
mind. Some teachers may think that some sections might have 
been omitted and others elaborated. To appease the latter, an 
extensive bibliography has been added so that the more enthusiastic 
student may readily reach more exhaustive works ; but at the same 
time the author is of opinion from his experience of many different 
examinations that much of the failure of students to appreciate 
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points of Physiology of great practical importance is clue to his 

being asked to learn too much at this stage. Opinion is, however, 

so divided as to what exactly ought^to be omitted that the author 

feels that, in such a volume, this is best left to the discretion, of 

individual teachers, and it will do no harm if the student catches 

a fleeting glance of things he need not know, for soon he will 

realise that his knowledge of Medicine generally must of necessity 

be most patchy and superficial. 

/ 

K. J. S. McDOWALL. 

- , King’s College, 

University of London, 

\stJune\QAQ. 



PUBLISHER’S NOTE 


It may not be uninteresting briefly to recount something of the history 
of this book. The original author was William Senhouse Eirkes, of St 
Bartholomew’s Hospital, and the first edition appeared in 1848 ; it consisted 
of 705 pages, and contained 97 illustrations. The title-page mentions that 
Dr Kirkes was assisted by Mr James Paget, who^was then Lecturer on 
Physiology at St Bartholomew’s Hospital. Dr Kirkes appears to have 
been a student under ' Mr (afterwards Sir) J. Paget, and to have been 
impressed with the need of making more permanent his spoken lectures, 
and in his preface he thanks Mr Paget for allowing him the free use of 
his manuscript lecture notes. The book, was, for its time, one of great 
excellence, reflecting the clear and accurate method of exposition which 
always distinguished Sir James Paget’s work, and Kirkes’ Physiology rapidly 
became the students’ favourite text-book, and new editions appeared rapidly. : 
in these the book grew a little in size and in the number of illustrations, but 
showed otherwise but little change until the fourth edition came out in 1860, 
when Mr Savory’s name appeared as editor upon 'the title-page. Mr (after- 
wards Sir William) Savory was another of St Bartholomew’s worthies, and 
at that time was Lecturer on Comparative Anatomy and Physiology at that 
Hospital. With the appearance of the sixth edition (1867), Mr Morant 
Baker (then Demonstrator of Anatomy) was associate editor, and by this 
time the book was different both in matter and arrangement, so that little 
of the original “ Kirkes ” remained. Up to this time the publishers had been 
Taylor, AValton, & Maberly, of Gower Street. In 1869, however, the 
book became the property of my grandfather (seventh edition), and this 
edition and the next (eighth, in 1872) were not much more than reprints 
of the sixth edition. The ninth edition (1876), however, was completely 
revised, and Dr Klein, then the Lecturer on Physiology, appears to have 
been largely responsible for the improvement. From the tenth to the 
thirteenth (1892) edition, the editorship was shared between Mr Morant 
Baker and Dr Vincent D. Harris, his senior Demonstrator, and as successive 
editions appeared, the work of keeping the publication up to date fell more 
and more* upon the shoulders of the latter,' 

In 1896, when a new edition was necessary, Mr Ba,ker had died, and 
Dr Harris was retiring from active -teaching, so my father had to look 
round for a new editor. Acting upon the advice of his friend, the late 
Sir William Gowers, he applied to Professor Halliburton, and when the 
latter accepted the position, the long association between the book and 
St Bartholomew’s Hospital was severed. During the fifty-four years of this 
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association the hook saT? thirteen editions. Under Professor Halliburton’s 
guidance, which began in 1896, the book entered upon a new era of prosperity; 
in twenty-nine years seventeen editions — totalling one hundred and sixteen 
thousand copies — were published; so, as the book had become an entirely 
new one, the name of Kirkes was dropped and Jlallihiirton's Fhysiologi/ 
became its recognised title. 

In 1928 revision became again necessary; and as Professor Halliburton 
found that he needed help in preparing it, the assistance of his successor at 
Bang’s College, Professor McDowall, was secured and his name added to 
the title. 

In the thirty-fifth edition (1937) “Biochemistry” appeared on the title-page 
for the first time and in 1939 the thirty-sixth edition was considerably 
enlarged. 

Since 1930 Professor McDowall has had sole responsibility for the 
volume, which in its present form is almost entirely his work. It is only 
fair, therefore, that his name should now stand alone in the place of honour 
on the title page, while Halliburton can be added to Kirkes as a tribute to 
the past editorial succession. 

JOHK MUBBAY. 


November^ 1944. 
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QHAPTEE I - 

PHYSIOLOGY 

The subject of Physiology treats of the study of the phenomena I 
occurring in all living things, but for the present purposes it is 
limited to the study of the activities of the animal body, especially ; 
that of man. It is part of the greater subject of Biology or the ; 
study of living things. 

In making such a study we can approach the subject in a number 
of ways. 

From Anatomy we learn the gross structure of the body, and 
from Histology, that is the study of its microscopic structiu’e, we 
get a firmer basis from which to infer a possible function. Wei!, 
learn, for example, that the bodies of animals are composed of cells j 
of great variety and that eaclikirgan has its own peculiar specialised' 
cells arranged in a definite iiattern. The appearance of the cells ; 
is often distinctive and may tell us whether they are protective,.' 
s ecr etory, nervous or connective. • ’ 

By a chemical study of the tissues and of the various substances 
found in living things and of those taken into them, we are able 
to relate to each other the various chemical processes wliich take 
place as they might be carried out in a cheiiiical laboratory. This 
constitutes Biochemistry. From it we learn how the body breaks, 
’down the various substances found in nature, makes use of them, . 
and returns to its environment those it does not need or has used. 

By a study of the movements and other physical processes which 
take place in the body (]^iophysics) we understand the mechanics, 
and dynamics of the body. From this we understand, for example, ■ 
how the blood circulates and how air is sucked into the lungs. 

Physical Chemistry, too, adds its quota and indicates such things 
as the principles by which substances may pass through the various 
membranes of the body especially those of the cells themselves. 

In Biology we trace the structural functions of organs of lower 
1 A ■ 
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animals and how they. have been evolved, and we see how, as we 
go down the animal scale, the processes become simpler and simpler 
until all the more essential ones are performed by a single cell, , 
a cell which is alive and capable of reproducing itself. There we 
find ourselves up against the problem of life itself which so far has 
defied complete analysis, but by the study of Physiology from its 
various angles we find out many of the factors on which it depends 
and how we can do much to assist in its prolongation and to add 
to its happiness, which is the function of Medicine. 



CHAPTER II ^ . 

THE_ STRUCTURE AND CHARACTERISTICS OF LIVING THINGS 

- ^ 

The Structure of Living Things.— All living things are-comr.; 
posed of minute cells the form of which can be seen with the. 
aid of a microscope. They are at first unicellular and the simplest, 
such as the amoeba, remain so, hut all the larger animals rapidly 
become multicellular and amongst its various cells there is a. 
^vision of labour (so to speak), different cells having different ? 
function but all being co-ordinated for the benefit of the animal as ; 
a whole. 

The essential and peculiar constituent of cell structure is the- 
jelly-like substance protoplas7ii which is largely protein in nature, 
hut does not remain alive unless it is associated with at least 
the chlorides of sodium, calcium, and potassium in Solution in water. 
If a cell is placed in a solution in which any one is absent, or not , 
in its proper proportion, it rapidly dies, but if properly kept it 
win not only live hut multiply. For more prolonged activity a 
great variety of other substances are probably necessary in minute 
amounts. There is some argument as to the nature of protoplasmic 
structure. Certainly when treated so as to stain or preserve it 
a fibrillar network is seen, and this has been seen in untreated' 
specimens of white blood corpuscles which are singularly like . 
amoebjE in their appearance and activities. 

Controlling the activities of every living cell is a nucleiis which t 
stains more deeply than the rest of the cell, and the nucleus may! 
show a nucleolus. The function of the various parts is unknown, ^ 
but the chemical composition of nuclei has been shown to be quite 
different from the rest (cytoplasm) of the ceU. Some cells have 
more than one nucleus. 

All animal cells also have an “attraction sphere” which is 
prominent in actively dividing cells, a fact which suggests its 
importance in the process of cell division. 

The Functional Characteristics of Living Things. — Life has ^ 
been described as resting on a tripod of security, nourishment, and : 
reproduction. On the first two depends the , life of the individual,, 
on the third the continuance of the species. * Living things, there-^ 
fore, show signs of activity. Of these the one most universally? 
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dGmonstrablG is that of assvtnilcitwn. It takGS food with which 
to build its body, and to be transformed into mechanical energy, 
and it takes in' oxygen. This latter activity is usually the most 
easily shown sign of life. By studying oxygen-intake we can 
discover whether a man or an amoeba is alive. 

Lhdng things also have the power of excretion, that is, of getting 
rid of the waste products of its bodily activities. They have the 
power of growth and of reproduction. Growth is really the 
characteristic of living things, for machines such as engines do, in 
a sense, assimilate and excrete. The grovAlv of a living thing 
is not, however, like that of crystals by addition but by the 
multiplication of its existing elements and intake into its substance. 
Even when a tissue has ceased to grow in the ordinary sense it 
still has to repair itself, for there is a considerable amount of wear 
and tear associated with living. Actually the individual cells of 
the body are constantl}' djdng and being replaced. Living material 
iSi therefore,- never in a static condition, but is also undergoing 
intramolecular rearrangements the total sum of which is called 
metabolism. 

Many cells show the power of irrilahiJiiy, that is, the power of 
responding to an external agent or stimulus. Commonly such a 
stimulus produces observable movement. jMovement, however, 
merely indicates that only the part concerned is alive and retains 
its irritability. The muscles of a frog, for example, remain alive 
and capable of contracting several days after the animal from which 
it has been removed is dead. Death, therefore, may ho said to 
occur when the animal as a whole has ceased to assimilate. 


The Relation of the Cell to its External Environment. 

The simplest animal organism, consisting of a single cell, is in 
immediate contact with its environment water, frt>m which it 
receives its nutrient material and oxygen and to which it returns 
its waste materials. Even in the most complex animal each cell 
leads a similar life in immediate contact with the tissue tluid in 
which it is bathed. Only certain cells come into immediate contact 
with the external environment, the other cells of the body all 
benefiting indirectly through this contact but this local environment, 
so to speak, is brought into contact with the external enviri»nment 
in which the animal lives by means of the blood supply. For 
example, some of the cells of the respiratory tract are adapted 
for the passage of oxygen, while certain co'lls of the digestive 
tract permit the intake of nutiiont materials. The oxygon and 
nourishment from the environment are transported by way of the 
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• specialised cells to every other cell in the body. This transport is 1 
accomplished by the circulation of the blood. 

The Interrelationship of Structure and Function of 
Individual Tissues. 

The microscopic appearances of organs and tissues concern the 
subject of Histology, but here it may be indicated how individual 
tissues play their part. It should, however, be pointed out that 
although heredity and evolution aye, important, in the development 
of the structure of an organ, its activity is equally so^ as the , 
individual tissues grow or degenerate according to the use to .which : 
they are put. We are familiar with the increase of muscle of the 
arms and thickening of the skin of the hands which occurs as the 
result of hard manual labour, and also with the effects of training 
generally. If we consider animals generally we see an evolution of 
both structure and function ; a convenient example of this is seen ’ 
in the evolution of the nervous system wliich is considered later. 

The Functions of the Epithelial Tissues, 

All free surfaces are covered by one or more layers of simple i 
cells which are adapted to the needs of the part. ^ ’ 

Stratified epithelium, which covers the exposed part of the 
body and constitutes the outer layer of the skin, is many cells thick. - 
The outer layers become squamous, flattened, and may be horny, 
and eventually are shed as scales. Where there is any special . 
irritation the outer layers are much thickened as on the palms of 
the hands or the soles of the feet. This may occur also after more : 
obvious injury to the skin, which is essentially the protective ; 
epithelium of the body. 

Payement' epithelium (endotlielium) covers less exposed parts., 
In general, it lines many of the body cavities, including the blood-' 
and lymph- vascular system, the alveoli of the lungs, the serous^ 
cavities (pleurae, pericardium, and peritoneum), and also the synovial 
cavities of the joints. The; cells are flat and permit free passage; 
to gases and fluids, in the case of the lung alveoli, interchange of. 
gases occurs and in the serous cavities free movement of the lungs, 
heart, and abdominal viscera is obtained through the lubricating 
action of the fluid (lymph). It is only a single layer thick. 

Transitional epithelium is an intermediate variety which is\ 
only a few layers thick and only-becomes flattened on its surface.! 

It is found .only in the urinary, tract where it protects against the; 
hc.emical substances of the urine and probably prevents reabsorption.: 

O olnmn a.^ epithelium is a more active type of epithelium. - It 
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manufactures special substances from the blood which we Icnow 
as secretions and it has selective powers controlling absorption 'into 
the blood. It does both as it covers the mucous membrane or lining 
of the alimentary canal and some of the tulmles of the kidney. 
Most glands are infoldings from such columnar epithelial surfaces, 
and wherever such tissue is seen it can be assumed that it has 
these functions. 


Ciliated Epithelium. , 


The ciliated cell is usually columnar in shape and surmounted 
by a bunch of fine tapering filaments which were originally called 

cilia because of their resemblance to eyelashes. 



Fio. 1 Ciliated cell from 

Vae intestine of a mol- 
Insc. (Engclmann.) 


In the larger ciliated cells, the border on 
which the eHia are set is bright and composed 
of little knobs, to each of which a cilium is 
attached; in some cases the knobs are pro- 
longed into the cell protoplasm as filaments 
or rootlets (fig. 1). The bunch of cilia is 
homologous with the striated border of columnar 
cells. 

The function of the cilia is to cause a 
movement of substances or objects along the 
surfaces they line. For c.xamplc, cilia line 
the air passages (but not the alveoli) and they 
cause a current of mucus and entangled dust 
to move towards the throat (fig. 2). In the 
Fallopian tubes and upper part of the uterus 



Fio. C. — Ciliated epithelium from the human 
trachea. l-arge fully-formed c-dl; K 
shorter cell ; c. developiiig celh vi ith more 
than one micleua. (Cad;at.) 


they assist, the movements of ova, and in the ducts of the testes 
those of the spermatozoa. The tail of a spermatozoon may itself bo 
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regarded as a cilium ; some protozoa also move by means of i 
cilia. Cilia are found also in the ventricles of the brain' and in \ 
the central canal of the spinal cord ; in the gills of marine animals, ; 
and in the gullet of the' frog. - 

Ciliary motion may conveniently be studied in the latter, or , 
in the giU of a mussel kept moist by a 0'6 per cent, saline. It 
may be observed under the microscope and, in the case' of the 
frog, the movements of minute pieces of carbon may be studied. 

The cilia are seen to be in constant rapid motion, each cilium 
being fixed at one end, and swinging or lashing to and frd. The ■ 
general impression given to the eye of the observer is very similar 
to that produced by waves in a field of corn, and. the result of 
their movement is to produce a continuous current in a definite 
direction, and this direction is always the same on the same surface, 
being usually in the case of a cavity towards the external 
orifice. ' 

The exact explanation of cihary movement is not known ; what- ' 
ever may be the precise cause, the movement must depend on some 
changes going on in the cell to which the ciHa are attached, for, 
when the latter -are cut off from the cell, the movement ceases, 
and when severed so that portions of the cilia are left attached to . 
the cell, the attached and not the severed portions continue the 
movement. 

It would seem most likely' that the movement is essentially; 
similar to that wliich takes place in amoebEe or white blood corpuscles ; 
which throw out processes, and that changes in the tension of the 
fluid in the cilia cause them to straighten and bend. _ 


The Effect of some External Agents on Amcehoid and 

Ciliary Movements. 

Although the movements of ^ amoeboid and ciliated cells may be • 
loosely described as spontaneous, yet they are produced and Increased . 
under the actiom of external agencies which excite or stimulate ’ 
them. 

Ciliary and amoeboid movements are increased by small rises in 
temperature and by dilute alkalies. Additional movement increases 
the demand for oxygen (Gray). Lack of oxygen causes cessation 
of ciliary movement. ^So also does 'cold, a fact which may be 
important in the inception of the common cold. Temperatures . 
above 45° C., acids, strong alkalies and ansesthetics have a similar : - 
effect. ’ , . 

More detailed information on the subject is to be found in the i 
writings of Gray and of Hegus. 
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The Functions of the Connective Tissues. 

In these tissues, in addition to the cells, there exist fibres which 
act mechanically for the support and protection of tissue, and 
in many cases the fibres so predominate that the cells are scarcely 
seen. It is a matter of debate whether the fibres are altered cells or 
are deposited in the intercellular substance. 

Fibrous tissue is a typical holding or connective tissue and 
its characteristic is that it does not stretch. It consists of bundles 
of white fibres. It forms, therefore, the tendons of muscles, the 
sacs of joints, part of the pericardial sac of the heart, and innumer- 
able sheets of fibrous tissue or fascia to which muscles are attached 
or bones held together. Fibrous tissue is formed in wounds after 
injury, and since it tends to shrinlv often causes unsightly contractions 
in scars. If, however, it is subjected to sustained tension it will 
stretch. The fibres are composed of the protein material collagen 
which is converted into gelatin by boiling. For this reason we boil 
or stew the meat of an old animal which tends to be fibrous or 
tough. The activity of the fibroblasts or cells which form the tissue 
appears to require the presence of vitamin C in the diet. 

Elastic-tissue has fewer fibres which are }'ellow in colour, and 
which, as their name suggests, give elasticity to the part. . Elastic 
fibres are foimd in blood vessels where the}’ appear to bo joined 
together as membranes. They arc frequent in the lungs and they 
assist in holding together and in giving elasticity to the cartilages 
of. the trachea and bronchi. They are well seen iii the ligament um 
nuchoe connecting the skull to the vertcln-al column. 

Areolar tissue is the name given to the loo.se connective tissue 
which contains not onl}' fibres of both kind.s Imt cells. The cells 
are of several varieties. The fihrohlasf^t in connection with which 
the fibres of the tissue are dcvelo])ed. The which are 

characterised by their taking u]) vital dyes, that is, d}’05 injected 
in a living animal ; they are probably part of the roticulo-endotholial, 
macrophage or scavenging, s}-stcm of the bod}'. There are also cells 
which may be granular, the mas( cells, or non -granular, the p/uswuz 
ccZfs, which are very like the basophil white cells and the iym})hocytes 
of the blood. They probably have the function of dealing with 
bacteria which may gain access to the tissue. I’iijment cells are also 
sometimes seen. 

In addition, areolar tissue stores fat. in large vesicidar fat cells 
which, when excessive, cause it to be known as adipose tissue. It 
is also in the areolar tissue that water is extensivel}’ stored. This 
may be stored not only as free iluid but. apparently also within 
the fibroblastic cells wliich may become quite swollen. 
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GENERAL DESIGN OF THE BODY 

The other tissues are dealt with more appropriately in relation 
to the systems of wMch they form a predominant part. 


THE GENERAL FUNCTIONAL DESIGN OF THE HIGHER ANIMAL BODY. 

As we have said, all living things have activities, but by far their 
most important is that of keeping themselves alive by feeding and pro- 
tecting themselves. This, all the more elaborate animals do by means 
of their voluntary muscles which are under the control of the brain. 

The voluntary muscles, which we . shall discuss in detail later, 
are structures which, by contracting, perform mechanical work, and 
in doing so transform chemical into mechanical energy with the 
evolution of heat. They act like engines and use what is essentially 
the same fuel as the internal combustion engine of a motor-car, 
namely, carbon and hydrogen which are transformed into carbon 
dioxide and water. Carbon and hydrogen are the essential con- 
stituents of the hydrocarbon, petrol, and also of the carbohydrate, 
glucose, which is used by the body. 

These substances are supplied to the muscle by an artery which 
carries the' carbon, hydrogen, and oxygen, a combustion mixture 
analogous to that supplied by the carburettor to the engine of a 
m'otor-car. The exhaust, which is chiefly carbon dioxide and water, 
is taken away by the veins. 

Now the substances necessary for the engine, i.e. the fuel and the 
oxygen, have to be supplied from the outside world, The blood 
in the artery has been previously pumped to the lungs 'Which, we 
have already noted, are specialised organs' in contact with the 
outside world, via the windpipe, while the nourishment is picked 
up by that portion of the blood which passes to the digestive tract 
which is in continuity with the external environment at the. mouth. 
As we shall see later, the detailed structure of the lungs and. the\, 
alimentary canal are such that the blood is , spread out very thinly i 
on an enormous surface, much larger than the total skin surface 
of the body and so it takes up what it needs very rapidly. . 

The extent to which the muscles need oxygen determines the I 
rate at which it is supplied, for the carbon dioxide produced 
increases the respiratory movements while when more blood reaches ; 
the heart it increases automatically its output. 

The substances of the exhaust from the engine, carbon dioxide, 5 
and water, are likewise transported to the lungs, skin, and kidney • 
by which they are returned to the outside world. 

A cycle is completed by the plants which under the influence i 
of sunlight transform the carbon dioxide and water back into? 
carbohydrate, the chief nourishment of, animals. 
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In this description of the body the heart and lungs appear as 
the servants of the muscles and it is an important fact in curative 
medicine that physical and mental rest put the whole body at rest. 

So far many substances which we need for nourishment have 
not been mentioned. They correspond to the materials of which 
the engine is , made and need only bo supplied in very minute 
amounts. In the case of the body the most important substance 
concerned is protein which is the essential chemical component 
of all living things. Its detailed composition is discussed later, 
but here it may be said that amongst its essential constituents are 
nitrogen and sulphur. The chemical cl)anges which take place 
in the various substances in the body are known as Metabolism. 

The muscles are also in contact with the external environment 
by means of the nervous system, and hero wo may con template 
how many of our movements are the result of stimuli from the 
outside world. Such stimuli usually determine at least the exact 
time at which the movements are made, through, of course, the 
intervention of the brain. 

The study of muscular movement may be considered to be 
a suitable point at which to commence the study .of Human 
Physiology, for what has been said of the muscle ai>plies to every 
cell and tissue of the body, but, with the cxccptif)n of the heart, 
none are more active than the voluntary muscles and none make 
such demands on the organism as a whole. 

The term or gan is a loose anatomiwil one and is applied to 
structures which can he conveniently separated by dissection. 
Commonly, however, they have a well recognisable characteristic 
microscopical structure and function. 

In performing the bodily functions the organs themselves nro 
arranged in groups which arc, by convention, known as systems. 
Thus the respiratory system includes all structures and processes 
which are concerned with the uptake of oxygon and elimination of 
carbon dioxide, but there are really no hard and fast boundaries 
to any system as they all work together for the benefit of the 
whole body. 

Popular lectures on the body as an enginu have been given bv 
A. Keith and A. V. Hill. 



CHAPTEE III - 

MUSCLE 

The most important movements of tlie higher animals, are brought i 
about by muscles which possess the power of contraction or j 
shortening, usually as a result of impulses . conveyed to them ; 
by nerves. 

The majority of the muscles of the body are attached to bones - 
which act as levers. Thus ; when we want to bend the elbow, ; 
impulses from the brain descend by way of the spinal cord and *, 
nerves to muscles which are attached to the hones of the lower arm 
at one end and to the hones of the upper arm or shoulder girdle at ■. 
the other. Since the hones of the lower and upper arms are hinged 
at the elbow, contraction of the muscles causes a -bending of the^ 
elbow. The study of the movements of muscles and their effect on 
the bones is now dealt with by the anatomists, and need not he 
entered into here. In some instances muscular tissue pervades or , 
surroimds cavities, and its contraction causes movement of the 
contents as in the case of the digestive tract. 

Th^ ^eleton. 

This-is the framework of hone on and in which the body is built. 
Its detailed study concerns anatomy, while its physiological aspects 
are postponed until the student is famiHar with the general processes 
on wliich its formation depends. 

Muscular Tissue. 

Muscle is popularly known as flesh. The muscl es may he divided 
from a physiological standpoint into two cla,sses — ^the voluntary/' 
muscles, which are under the control of the will, and the involuntary \ 
muscles, which are not. All muscular tissue, whether under the ; 
will or not, is controlled by means of the nervous system. The ; 
involuntary muscles are cdntroUed by a specialised part of the 
nervous system. 

When muscular tissue is examined under the microscope, it is ■ 
seen to be made up of. small, elongated, thread-like cells, which are f 
called muscU-fibrcz and which are bound into bundles by, connective 
11 
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tissue. In involuntary muscles there is a certain amount of cement, . 
substancej stainahle by nitrate of silver, between the fibres. 

There are three varieties of muscle-fibres : (1) striated muscle-fibres, 
which occur in the voluntary muscles ; (2) unstriated muscle-fibres 
which bring about movement in the internal organs ; and (3) cardiac 
or heart muscle-fibres, which are striated like (1), but are other\vise 
different. Their other differences are summarised later (p. 51). 


Voltmtary or Striped Miiscle. 

Voluntary muscles are sometimes called skeletal, and they con- 
stitute the whole of the muscular apparatus attached to the bones.* 

The fibres vary considerably in thickness and length, but they 
average inch in diameter, and are about 1 inch in length. Each 

fibre is cylindrical in shape and has rounded 
ends •, many become prolonged into tendon 
bundles by which muscle is attached to bone. 

Each fibre consists of a sheath, called the 
sarcolcvima, which encloses a soft material 
called the contractile suhstmice. 

The contractile substance within the 
sheath is made up of alternate stripes of 
dark and light substance wliich give voluntary 
muscle its characteristic apj)earanco. Ilaycraft 
succeeded in making casts of muscle-libros in 
collodion films and showed that the light and 
dark stripes appear on the casts. Ho therefore 
concluded that the striped appearance was 
due to optical phenomena. The stripes also stain clifforontly, so 
presumably differ in chemical composition. 

Muscle-fibres contain oval nuclei. In mammalian muscle these 
are situated just beneath the sarcolomma ; but in frog’s muscle they 
occur also in the thickness of the muscle-fibre. 

A muscle-fibre is made up of fibrils or sarcostyles, which are held 
together by a network known as the saixojilasm (represented as white 
lines in fig. 3). By the use of certain reagents, such as osmic acid 
or alcohol, the fibrils may be completely separated from one another. 

The rapidity of muscular contraction seems to bo proportional 
to the clearness of the cross-striation, ami insects’ muscles which are 
remarkable for perfection of mechanism have consequently been the 
subject of many researches. In the wing muscles the sarcostyles 
are separated by a considerable quantity of interstitial sarcoplasm, 

* The muscle-fibres of Uie pharynx, of part of the a'sopliafpis* und of the 
middle and the external ear, though not under the control of tlie will, have tlic 
same structure as voluntary muscle-fibres. 



Fio. 8.— Musclo - fibre of a 
mammal highly mag- 
nified. The surface of 
the fibre is accurately 
focussed. (Schafer.) 
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which may be of nutritive importance, and according to some 
observers possesses a certain amount of contractility; at any rate 
it allows the intimate structure of the individual sarcostyles to be 
worked out thoroughly, and Sharpey Schafer has arrived at the 
following conclusions : — 

Each sarcostyle is subdivided, by a transverse line (Krause’s 
membrane *) in the middle of each light stripe, into successive 
portions which are termed sarcomeres. In each sarcomere is one 
dark stripe or sarcous element. The sarcous element is really in 
two sections which, in the stretched sarcostyle (fig. 4, b), separate 



Fio. 4.— Sarcostyles from the wing-musoles 
of a wasp. 

A a', Sarcostyles showing degrees of con- 
traction. 

B, A sarcostyle extended with the sarcous 
elements separated into two parts. 

0 , Sarcostyles moderately extended (semldia- 
grammatic). (E. B. Schafer.) 



Fio. 6.— Diagram of a sarcomere 
in a moderately extended con- 
dition, A, and in a contracted 
condition, B. 

K, K, Krause’s membranes; h,. 
plane of Hensen ; b.e., 
poriferous sarcous ele- 
ment. (B. S. Schafer.) 


at the line of Hensen.- Between each end of the sarcous element 
and Krause’s membrane lies a clear interval which is more evident 
‘in the extended sarcomere (fig. 4, b), and which diminishes on con- 
traction (fig. 4, a). The sarcous element is pervaded with longitudinal ^ 
canals or pores which are open towards K-rause’s membrane and closed 
at Hensen’s line. As the sarcostyle contracts, a large proportion of ; 
the clear part of the sarcomere passes into these pores and disappears 
into the sarcous element which swells up and becomes wider, with a > 
consequent shortening of the sarcomere (fig. 5, B). As the sarcostyle 
is extended the clear substance passes out from the pores of the 
sarcous element and lies between it and Krause’s membrane. There ; 
is a compensating lengthening and narrowing of the sarcomere 
(fig. 5, A). It should be noted that the sarcous element does not 

* AIsp called Dobie’s line. The membrane is probably an optical phenomenon - 
for .Kiihne discovered , that a threadworm could crawl ..through it without difficulty - 
and without destroying it. ' 
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lie free in the middle of the sarcomere, but is attached at the sides 
to a fine enclosing envelope, and at either end to Krause’s membrane ; 
by fine linds running through the clear substance (fig. 5, A). 

These conclusions are interesting, because they bring into harmony 
amoeboid, ciliary, and muscular movement. In all three instances we 
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Kio. 0. — Vavo of contraction p.assiiig over n 
musclo-fibro of water-beotlp. n, ii, I’ortloiiS of 
the fibre at rest : c, contracted part ; l, i, Inter, 
mediate condition. (Sebafur.) 



Ki« 7 .— Tills figure (after lingelaianti) Ulus, 
trate.i til!' appearance of a nimcle-Kbre 
as eianiined in ordinary llglit (left.fiaud 
sid'O.and In polarise, [ light (rigbt-band 
side). In the uppe-r part of the diagram 
tli<* fibre IS not conlracte,!, In th* lower 
jarl it iscontracteii. The dark l.ands are 
seen to Ri bright by i>o!ariied light, owing 
to tlieir being Iai>;'ely tna 1 - up of doubly- 
refracting sarcous eletnenti; during 
contraction, tluid. passes from the singly, 
refracting or isotropous light land into 
the doubiy-rcfractlng dark band, which, 
In conse'iiience, becomes wlilened out. 


have protoplasm composed of two materials, spongioplasiu and Ityalo- 
plasm. In amoeboid movemont the irregular arrangement of the 
spongioplasm allows the hyaloplasm to flow in and out of it in any 
direction. In ciliary movement the flow is limited by the arrange- 
ment of the spongioplasm to one direction ; hence the limitation of tlio 
movement in one direction (see pp. 11-12). In muscle, the definite 
arrangemenr of the spongioplasm (roprosonted by the sarcous olomont) 
in a longitudinal direction limits tho movemont of tho hyaloplasm 
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(represented by the clear substance of the light stripe), so that it 
must flow either in or out in a particular direction. The contraction 
of a whole muscle is the sum total of the contraction of all the 
constituent sarcomeres. * 


Red and Pale Voluntary Muscles. 

In most animals some of the muscles are pale and some white 
because of the amount of hemoglobin and fat they contain. The. 
red-muscles have tlrinner fibres, more sarcoplasm, more_..marked 
longitudinal striation, but less marked transverse striations and 
contract more slowly. 

The study of their distribution in different animals has shown 
that the red_.fibres are particularly concerned \yith sustained activity. 
They are, for exam2Dle, particularly prevalent in the pectoral muscles 
of soaring birds but not in ordinary doniestic birds. In naan the 
red fibres predominate in the soleus and pale in the gastrocnemius 
but most muscles are more mixed. We shall see later that the red 
muscles are particularly concerned in the more sustained reactions 
for the maintenance of posture and equilibrium. Denny-Brown, to 
whom, we owe these facts, has shown that red muscles go into tetanus 
at the surprisingly low rate of 5 to 8 stimuh per second. 



CHAPTER IV 




EXCITABILITY AND STIMULATION 

Excitability or Irritability is the power which certain tissues 
possess of responding by some change (transformation of energy) to 
the action of an external agent which, whatever its nature, we call 
the stimulus. 

The nature of the response depends on the nature of the tissue. 
Some tissues move, some secrete, some discharge electricity, ejj. the 
electric organs of some fishes. 

Excitable tissues may be stimulated by mechanical or chemical 
agencies. They may also be stimulated by suitable electrical stimuli, 
and in the study of excitability the latter stimuli are generally 
used as they do not damage the tissue and are easily controlled. 
The tissues in the body are stimulated hy nervous impulses. Wo 
can see the response to such stimulation in the nerve to a muscle 
of a frog. It may be stimulated by a tap or pincli, by a chemical 
agent (acid or salt), by a direct or an induced current, and 
normally by the nervous impulses which reach it from the nerve 
centres. VTien we make a voluntary moveinent, we cau.so a nervous 
impulse to pass down an excitable nerve to an excitable muscle. 
Some tissues are specially excitable to certain kinds of stimuli 
rather than to others. For example, unstriated muscle is most 
easily stimulated by streteliing. Glycerol stimulates nerve but not 
muscle directly ; while ammonia stimulates muscle but not nerve. 

We may regard stimuli as liberators of energy; muscle and 
nerve and other irritable structures undergo disturbances in con- 
sequence of a stimulus. The disturbance is some fonu of move- 
ment — ^^sible movement in muscle, molecular movement in nerve. 
A stimulus may bo regarded as added motion. Gowera compared it 
to the blow that causes dynamite to explode, or the match api)licd 
to a train of gunpowder. A very slight blow will explode a largo 
quantity of dynamite; a very small .spark will fire a long train of 
gunpowder. So in muscle or nerve the ofTect is often out of all 
proportion to the strength of the stimulus; a light touch on the 
surface of the body may elicit very forcible nervous and muscular 
disturbances ; and, moreover, the ofiect of the stimulus is propagated 
along the nerve or muscle without loss. 

16 
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Electrical Stinmlatioh. 

Stimulation of an excitable tissue may, as we have seen above, 
be brought about chemically or mechanically, but' most conveniently 
by an electric current from a cell or a battery supplying 1-2 volts. 
This method has the great advantage that within limits it does 
not damage the tissue and may be repeated many times. It is not. 
necessary to describe in detail the electrical apparatus. 



Fio. 8.— Diagram of simple electrical circuit which is completed when the 
tissue to be stimulated is placed across the electrodes B. 

Wires from the positive and negative poles, of the cell form the 
electrodes, the former being known as the anode and the latter as 
the cathode. With a direct current stimulation occurs only at the 
“ make,” but not when the current is “ flowing.” Actually, the 
passage of an electric current through a nerve causes it to be 
temporarily inexcitable in the region of the anode, where it produces 
a state known as anelectrotonus. 

If the nerve or muscle is laid across the electrodes, the electrical 
circuit is completed and stimulation occurs. The experiment can, 
however, be more conveniently carried out by first laying the nerve 
across the electrodes, and making and breaking the circuit by means 
of a key (fig. 8). 

In many experiments it is desirable to vary the strength of 
stimulation, and tliis can be done most conveniently by using an 
induced current from a transformer or induction cod. The two 
circuits are shown in fig. 9. It is seen that each circuit is quite 



Fiq. 9. — Circuit to give induced currents, C— cell ; PC— primary coil : SO— secondary 
coil: B— electrodes : Kj and K 2 — keys in the primary and secondary circuits respect- 
ively. Note that Ko short-circuits the electrodes. 


separate from the other, and it may readily be shown that a current 
only passes in the secondary circuit when an alteration is made 
•in the strength of the primary. A current is obtained iu the 
secondary only at the “makiug” (closiug of the key) and “breaking” 
(opening of the key) of the primary circuit. The nearer the primary 
and secondary coils are to one another the stronger is the iuduced' 
current in the secondary circuit. The strength of the stimulating 
current can therefore be varied by varying the distance between the 
two coils. It must be understood that there is no fundamental 
qualitative difference between a direct and an induced current. The 



18 EXCITABILITY AKD STIMULATION [Clf. IV. 

essential differences are the short duration and the change of direction 
of the induced current which occurs at each make and break. 

It win be observed that a short-circuiting key is used in the 
secondary circuit. A simple key would not be so effective because 
of the phenomenon of unipolar induction. 

The “ break ” effects are stronger than the make effects ; this is 
easily proved by placing the electrodes on the tongue and is due to 
Faraday’s extra current. This current is produced in the primary 
coil by the inductive influence of contiguous turns of its wire on 
each other; its direction is against that of the battery current at 
make, and so the make shock is lessened. At the break the extra 
current is of such short duration (because when the cirenit is 
broken there can be no current at all) that for all practical purpo.scs 
it may be considered as non-existent. 

For many physiological purposes an automatic interrupter 
(Wagner’s hammer), on the principle of an ordinary electric {)oIl, 
is introduced into tlie primary circuit and is attached to the end of 
the induction coil. It may have a device for equalising the make 
and break currents. By the use of such an interniptor it is possible 
to set up nerve impulses in nerves at rates a])proxiniating tliose 
which occur normally. 

There is a maximal rate of stimulation of all ti.ssuc.s and if a 
current is alternated extremely ra})idly it docs not stinuilate at all 
because it has not time to set up a suflicicnt movement of ions. For 
example, ordinary house current of 250 volt.s alternating at 50 cyole.s 
is lethal to the heart, but not so if it alternates at over 100.000 per 
second, although such a current will light an ordinary electric bulb. 

Fortunately the body is normally protected by .skin which when 
dry has a resistance of the order of 50,000 ohms, but this i.s greatly 
reduced if the skin is wet. 

Measurement of Excitability. 

Tissues exhibit considerable differonces in excitability to different 
kinds of currents. Sniooth muscle, for example, will n\sj>ond to 
stimulation by a direct current, but not to an induced current 
(see p. 17). Tliero is no fundamental qualitative difference lietweon 
these two currents. They arc merely of different .siveiigth.s and la.st 
for different times, the induced current heing stronger but of very 
short duration. Speaking generally, it lias heen found that the 
shorter the period of stimulation the stronger must he the current 
which will produce an effect and vice versa. ' It lia.s also been shown 
that each tissue may be stimulated bv a certain strength and 
duration of electrical stimulation which' cannot be varictr beyond 
certain limits. It is for sucli reasons that a cuvroul of 10,000 volts 
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if very rapidly alternating may not cause death, . although a shock 
of 500 volts from the live wire or rail of an electric train may 
be fatal. 

Our knowledge of this subject we owe" largely to Keith Lucas 
of Cambridge, and later to Lapicque, of Paris, and their co-workers. 
The latter introduced the following terms for the measurement of 
excitability : — 

RheoTaase is the intensity in volts of the weakest constant 
current which, if continued indefinitely, will excite. 

Ohronaxie is the minimum time required for excitation by a 

ciu’rent of twice the intensity of the rheobase. 

/ 

Kheobase is determined with a battery, voltmeter, and variable' 
resistance; for chronaxie some method of stimulating for very 
short periods is needed. A heavy pendulum or spring which knocks 
over a make key and a fraction of a second later breaks the circuit 
(Keith Lucas) may be used, but the discharge of a condenser is also 
employed. The rheobase for the cut sciatic of the frog is 0‘2 to 0-3 
volt, and the chronaxie is 0‘3 to 04 thousandths of a second. 

Chronaxie varies widely in different nerves even in the same 
animal. In general it is least in rapidly contracting muscles supplied 
by large nerve-fibres. Differences are also noticeable in nerves 
treated by various reagents: those which swell the myelin sheath 
for instance increase the rheobase and shorten the chronaxie. In 
man, Bourguignon found that the extensors have a chronaxie of 
04 o- (o- = '001 sec.) while that of the flexors is 04 o- or more. The 
relation of these data to the activity of the central nervous system 
has not been as yet fully studied. Cutting a nerve roughly doubles 
the chronaxie it possesses in the intact state. 

Difference in excitability explains why degenerated muscle fails 
to respond to faradic stimulation yet responds to a galvanic stimulus, 
also why different results may be obtained when a mixed nerve is 
stimulated by different ciuTents. . In the latter instance it 'may be 
assumed that the nerve-fibres which compose the nerve have different 
chronaxies. It is also claimed that fatigued or cuxarised * muscles 
have an altered chronaxie and cannot be stimulated by impidses 
which pass down their nerves. (See Patigue.) 

Refractory Phase. — After a tissue, such as a muscle, or a, nerve, 
has been excited by a stimulus it is refractory for a short space of 
Time : that is, it fails to respond to a stimulus. In ordinary muscle - 
and nerve this refractory phase is very short, but in cardiac muscle 
it lasts throughout the duration of the contraction. The refractory 
phase is of importance since it. gives time in which a. tissue may 
recover its power of activity. 

* The drug, curari; is a South American arrow poison. 
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essential differences are the short duration and tlie change of direction 
of the induced current which occurs at each make and break. 

It will be observed that a sliort-circuiting key is used in tlie 
secondary circuit. A simple key would not be so effective because 
of the phenomenon of unipolar induction. 

The “ break ” effects are stronger than the make effects ; this is 
easily proved by placing the electrodes on the tongue and is due to 
Faraday’s extra current. This current is produced in the primary 
coil by the inductive influence of contiguous turns of its wire on 
each other; its direction is against that of the battery current at 
make, and so the make shock is lessened. At the break the extra 
current is of such short duration (because wlion the circuit is 
broken there can be no current at all) that for all practical purjioscs 
it may be considered as non-existent. 

For many jfliysiological ]>urj)oscs an automatic interrupter 
(Wagner’s hammer), on the principle of an oniinary electric hell, 
is introduced into tlie primary circuit and is attached to the end of 
the induction coil. It may have a device for cr|ua1i.sing the make 
and break currents. 3?y the use of such an inte.rruptcr it is possible 
to set up nerve impulses in nerves at rate.s nppro.vimating tho.so- 
which occur normally. 

There is a maximal rate of stimulation of all ttHsnes and if a 
current is alternated extremely rapiilly it does not stimulate at all 
because it has not time to set up a suflieient mov«>mont of ion.s. For 
example, ordinary house current of 200 volts alternating at oO cych;s 
is lethal to the lieart, hut not .so if it alternate.s at over lOfhOOO per 
second, although such a current will light an ordinary electric bulb. 

Fortunately the body is normally protected by skin which when 
dry has a resistance of the order of oO.OOO ohms, but this is greatly 
reduced if the skin is wet. 

Moasuromont of Excitability. 

Tissues exhibit eonsidorablo dinbreuces in <'xeitability to different 
kinds of currents. Smooth mu.'^cle, for example, will nspontl to 
stimulation by a direct current, but not to uii induced current 
(see p. 17). There is no fundamental qualitative {lifforence hetweou 
these two currents. They are mm-elv of difforent .strengths and l.ist 
for different times, the induced current being .stronger but iu' very 
short duration, Sjieaking generally, it has ln‘en found that the 
shorter the period of stimulation the stronger must he the current 
whicli will ju'oduco an effect ami vitY vtrsa. It has akso been shown 
that each tissue may Ijo .stimulatetl by a certain strength and 
duration of electrical stimulation whiidi cannot he varied hoyoud 
certain limits. It is for such reasons th;it a cuneut of 10,000 volts 
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if very rapidly alternating may not cause death, . although a shock 
of 500 volts from the live wire or rail of an electric train may 
be fatal. 

Our knowledge of this subject we owe largely to Keith Lucas 
of Cambridge, and later to Lapicque, of Paris, and their co-workers. 
The latter introduced the following terms for the measurement of 
excitability ; — 

Rheobase is the intensity in volts of the weakest constant 
current which, if continued indefinitely, will excite. 

Chronaxie is the minimum time required for excitation by a 
current of twice the intensity of the rheobase. 

Rheobase is determined with a battery, voltmeter, and variable^ 
resistance; for clironaxie some method of stimulating for very 
short periods is needed. A heavy pendulum or spring which knocks 
over a make key and a fraction of a second later breaks the circuit 
(Keith Lucas) may be used, but the discharge of a condenser is also 
employed. The rheobase for the cut sciatic of the frog is 0’2 to 0‘3 
volt, and the chronaxie is 0‘3 to OA thousandths of a second. 

Clironaxie varies widely in different nerves even in the same 
animal. In general it is least in rapidly contracting muscles supplied 
by large nerve-fibres. Differences are also noticeable in nerves 
treated by various reagents: those which swell the myelin sheath 
for instance increase the rheobase and shorten the chronaxie. In 
man, Bourguignon found that the extensors have a chronaxie of 
O'lcr (a- = ‘001 sec.) while that of the flexors is OAo- or more. The 
relation of these data to the activity of the central nervous system 
has not been as yet fully studied. Cutting a nerve roughly doubles 
the chronaxie it possesses in the intact state. 

Difference in excitability explains why degenerated muscle fails 
to respond to faradic stimulation yet responds to a galvanic stimulus, 
also why different results may be obtained when a mixed nerve is 
stimulated by different currents. . In the latter instance it 'may be 
assumed that the nerve-fibres which compose the nerve have different 
chronaxies. It is also claimed that fatigued or curarised * muscles 
have an altered chronaxie and cannot be stimulated by impulses 
which pass down their nerves. (See Fatigue.) 

Refractory Phase. — After a tissue, such as a muscle, or a nerve, 
has been excited by a stimulus it is refractory for a short space, of 
’time: that is, it fails to respond to a stimulus. In ordinary muscle- 
and nerve this refractory phase is very short, but in cardiac muscle 
it lasts throughout the duration of the contraction. The refractory 
phase is of miportance since it. gives time in which a tissue may 
recover its power of activity. 

* The drug, curari: is a South American arrow poison. 
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THE CONTRACTION OF MUSCLE 


Normally the voluntary muscles contract as a result of nervmus 
impulses reaching them from the central nervous system by way of 
their nerves. We can, however, set up a nervous impulse in a nerve 
artificially and so cause the muscle to contract. Eor this purpose 
we generally use a nerve-muscle preparation, gastrocnemius or 
calf muscle and sciatic nerve of a frog, the muscles and nerves of 
which live for a long time after removal from the body. Strips of 
muscle may, however, be substituted. 

Muscle undergoes the following changes when it contracts : — ' 

1. Changes in form. 

2. Changes in extensibility and elasticity. 

3. Changes in temperature. 

4. Changes in electrical condition. 

5. Chemical changes. 


Changes in Form. 

The Myograph. — There are many different forms of this 
apparatus, which was originally invented by Ludwig and Helmholtz 
to record muscular contraction. 

In each type the bony origin of the gastrocnemius is held firmly, 
usually by a pin through the knee-joint, while the tendo Achillis 
is tied to a weighted lever the end of which bears a writing-point 
such as a piece of parcliment paper (fig. 10). This records the 
magnified contractions of the muscle on smoked paper which is 
wrapped round a cylinder. When the cylinder is stationary the 
upstroke and downstroke of the writing-point fall on the same part 
of the surface; but if the cylinder is rotating a muscle curve or 
Diyogram is obtained. If a permanent record bo desired the paper 
may be removed from the cylinder, and the soot fixed by passing 
the paper through a solution of resin in spirit and allowing it to 
dry. The screw on wliich the lever rests can bo adjusted so that 
the lever rests on it till the muscle contracts ; the muscle therefore 
does not take the weight until contraction has begun (after-loading). 
The spindle of the rotating cylinder bears two metal arms which can 
20 
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be brought together to form one arm if desired. The free end of * 
each arm can be made to press over at one point in the drum's 
revolution a key which lies in the primary circuit of the inductoriuih 
thus the muscle can be made to contract once or twice for each 
revolution. The secondary coil should be pulled out until the 
muscle is stimulated by the break shock only. To find the exact 
point of stimulation, the drum is moved round by hand until the 
contact in the primary circuit is just broken. 



Fia. 10.— Apparatus for rcoortiing muscle contraction. The gastrocnemius muscle 3il is fastened to 
the bo.ard JIB by means of a pin through the knee-joint and its Achillis tendon attached to the 
lever U which writes on the smoked drum D. The lover may bo weighted by W. Stimulating 
current is supplied by the cell 0. Wlicn the key Ki is closed or opened a current is induced by 
means of the transformer T in the secondary circuit supplying the electrodes E which applied to 
the sciatic non'o supply the muscle. Tho strength of tho current can be varied by altering the 
distance between tho coiis of tho transformer. Tho key K2 is introduced to short circuit the 
electrodes when desired. 

To keep the preparation fresh during an experiment, it must be 
moistened with normal saline (0’65 per cent. hTaOl in water for 
frog’s muscle, this being the concentration of salts in the fluid which 
normally bathes it), or it may be kept in a nioist chamber, i.e., a 
chamber in which the air is kept saturated with moisture. 

The events recorded in the myogram can be timed. The simplest 
time-marker is a tuning-fork vibrating 100 times a second. This is 
struck, and by means of a writing-point fixed on to one of the 
prongs of the fork, these vibrations may be written beneath the 
myogram. More elaborate forms of electrical time-markers are 
frequently employed. 

The Simple Muscle Curve. — One of these is shown in fig. 11. 
The muscle was stimulated by a single induction-shock, at the instant 
marked P on the base-line. 

It will be observed that after the stimulus has been applied 
there is an interval before the contraction begins. This interval is 
called the latent period, and when measured by the tuning-fork 
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tracing is seen to be about -j-J^-sec. During the latent period there 
is no visible change in the muscle. 

The second part is the stage of contraction proper. The lever 
is raised by the shortening of the muscle. The contraction is at first 
very rapid, but then progresses more slowly to its maximum. 

The next stage is the stage of relaxation. After reaching its 
highest point, the lever descends in consequence of the elongation of 
the muscle. The small waves which follow the main curve are due 
for the most part to the recording apparatus, and are most marked 
when the contraction is rapid and vigorous. 

With regard to the latent period, it should be pointed out that if 
the muscle is stimulated indirectly, i.e. through its nerve, some of the 
apparent lost time is occupied in the propagation of the nervous 



Fio. 11.— Simple muscle curve. 


impulse along the nerve and across the end plate to the muscle. To 
obtain the true latent period, this must be deducted. Then there is 
latency in the apparatus. It must be understood that with the 
ordinary class apparatus results are only approximate. Errors arise 
from inertia and friction of tlie lever. Tlieso errors may bo excluded 
by photographing the contracting muscle on a sensitive photographic 
plate travelling at an accurately timed rate or by the use of the 
isometric method (see p. 30). By such means it is found that the 
true latent period is much shorter than was formerly supposed. It 
shi of a second or less. 

Actually a simple twitch contraction of a frog’s muscle takes 
only 0'06 sec. and relaxation 0T3 sec. A mammalian twitch is about 
3 times faster. Such results show the importance of the apparatus 
in experimentation. 
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Factors modifying the Character of the Curve. 

1., of strength of stiimtlus . — A minimal^ stimulus is 

that which is just strong enough to produce a contraction. If the 
strength of stimulus is increased the amount of contraction as 
measured by the height of the curve is increased, until a certain 
point is reached (maximal stimulus), beyond which increase in the 
stimulus produces no increase in the amount of contraction. Tins 
is because the stronger the stimulus, the more muscle-fibres are 
tlurown into action and when all the fibres are stimulated the, 
maximum is reached. This is not to he confused with the 
phenomenon known as the beneficial effect of contraction (see below). 
In tins way a muscle grades its contraction for it has, been observed 
microscopically by sprinkling finely divided mercury on the muscle 
that if an individual fibre contracts at all it contracts to a maximum. 
This is known as the all or .none phenomenon, which is discussed 
later in relation to cardiac muscle wliich acts like a. single fibre. 

2. Influence of load. — Increase of load within certain limits 
(see p. 31 ), applied by weighting the lever, decreases the amount of 
contraction, until the muscle is unable to lift it. 

3- Effect of temperature. — Cold at first increases the height of 
contraction, then diminishes it ; otherwise the effect is very like that 
of fatigue, increasing the duration of all stages of the curve. 

Moderate warmth increases the height and diminishes the 
duration of all stages, of the curve, latent period included. This may 
be shown by dropping salt solution at different temperatures on 
to the muscle before taking its curve (fig. 12). It must, however, 
be understood that the increased height during the application of 
heat is caused mainly by the "mechanical effect of the increased 
speed of contraction. Too great heat (above 42° C.) induces heat 
rigor, from the coagulation of the muscle proteins. 

4. The effect of two successive stimuli . — If a second stimulus is 
applied less than second after the first, there is no response 
because the muscle is refractory during this period; hut if the 
second follows at a sufficient interval of time, each will cause a 
twitch and two simple muscle curves will be written (fig. 13, A); the 
second is a Uttle bigger than the first (beneficial effect of contraction). 
If the second stumSus arrives before the muscle has finished con- 
tracting under 'the influence of the first, a second curve will be added 
to the first (fig. 13, B). This is called s^iperposition, or summation 
of effects and occurs with both maximal and minimal stimuli. 

If the two stimuli are in such close succession that the second 
occurs during the latent period of the first, the result will differ 

* Weaker stimuli are known as subminimal. 
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according as the stimuli are maximal or submaximal. If they are- 
maximal, the second stimulus is without effect 5 but if submaximal, 
the two stimuli are added together, and though producing a simple 
muscle curve, produce one which is bigger than either would have 
produced separately. This is called sumtnation of stimuli (fig. 13, C). 

5. Effect of more than two stimuli. — If a succession of stimuli 
is sent into a muscle, or its nerve, the results obtained depend on 
the rate at which the stimuli follow one another. If the time- 



Fio. 12. — Effect of tomperatnre on the simple muscle curve. The various temperatures are marked 
on the curves. P is the point of stimulation; and the tlme-lraeitii; ajain iniUca'ei hundredths of 
a second. (See Text.) 


intervals between the stimuli arc sufiiciently great, each stimulus 
will produce a simple muscular contraction. A succession of twitches 
is recorded and the beneficial effect of 21 ^'cxnous action is exliibited in 
what is known as a staircase cfi'cH (fig. 14, A and B). 

If the induction shoclcs follow each other more rapidly, the efiect 
is a continuation of the superposition curve already described in 
connection with tw'o successive .stimuli. Each successive increment is, 
however, smaller than the preceding, and at last the muscle remains 
at a maximum contraction, till it begins to relax from fatigue. 

A succession of stimuli may be sent into the nerve of a nerve- 
muscle preparation by means of an interrupter. This method of 




Pia. 18 . — ISffecfc of two successive excitations. The two points of excitation (Pj and Pg) are marked 
in each case on tlie base-line. In A, Pj and Fj are sufficiently far apart to give separate curves, 
in B they are nearer together, and superposition is seen. In C.they aie sufficiently near to give 
summation of stimuli. Submaximal stimuli were used throughout and the time-tracing in each 
case shows hundredths of a second. 
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stimulation- is faradisation. When the stimulation is slow 

the number of contractions corresponds to the number of stimula- 
tions (fig. 14) ; the condition of prolonged contraction so produced, the 
muscle never relaxing completely between the individual contractions 
of which it is made up, is called tetanus : incomplete tetanus, when the 
individual contractions are discernible (fig. 14, C, D, and E) ; complete 
tetanus, as in fig. 14, E, when the contractions are so rapid that they 
are completely fused to form a continuous line without waves. 

These results apparently depend on the accumulation and dis- 
appearance of acetyl-chohne at the nerve-endings. This substance 
apparently acts as a chemical mediator between the nerve and the 
muscle. 

The rate of stimulation necessary to cause complete tetanus varies 
considerably ; for frog’s muscle it averages 15 to 20 per second ; for 
the pale muscles of the rabbit, 20 per second ; for the more rapidly 
acting muscles of the cat, e.g. the internal rectus of the eye, over 
100 per second may he necessary (Cooper and Eccles). The rate 
necessary to produce complete tetanus is diminished in a fatigued 
muscle as its period of relaxation is prolonged. 

It will be noticed in class work, and in fig. H B, that wlien Uie tetanus Is 
incomplete there is a tendency for the muscle to shorten — i.e. Hie relaxation is 
less rapid. This is in part due to fatigue but it is also due to the onset of tlie 
phenomenon of contracture. This contracture is an active contraction involving 
increased metabolism and it is suggested that permancntchanges in tlic membranes of 
the muscle hare occurred. It is readily produced or increased by certain chemicals. 

Voluntary Contraction. — There is evidence that voluntary con- 
traction, that is a muscular contraction made by an ofTort of will, 
‘is essentially tetanic in nature. This is best shown by counting 
the number of electrical variations which accompany a voluntary 
contraction, on the assumption that each fundamental' unit of the 
contraction has an electrical change as its concomittant. This can 
be accomplished by the use of a very dehcato galvanometer. The 
number of electrical variations is then found to bo a high one. Jloro 
recently Adiian and Bronk have recorded the current of action of a 
single muscle-fibre by using a special electrode, which can ho plunged 
into the muscle, and magnifying nj^ the current produced by a valve 
amplifier. Different muscles appear to vary, but the average number 
of electrical variations is about 50 per second.* 

This view of the tetanic nature of voluntary contraction is 
supported by the fact that some norvc-colls wlien stimulated 
reflexly do not discharge single impulses but groups of impulses. 

A voluntary contraction probably differs from experimental 
tetanus in that in voluntary contraction the fibres of the muscle 

Gasser and Newcomer found that impulses of 70 per second were produced 
by the diaphragm. 
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Fio. 14 Composition of tetanus. These six tracings were obtained on a slowly moving drum from a 

frog's gastrocnemius, which was excited by a succession of induction shocks. By a mechanical 
contrivance the rate of the vibrating spring which interrupted the primary circuit of the 
inductorium could be easily varied; and the rate of the hammer was increased &om about 1 per 
second in A to 30 per second in F. In A, separate twitches are seen ; in B, the rate was still 
insufficient to cause fusion ; in both A and B, the staircase effect is well seen. In C and D, the 
rate was sufficiently great to cause incomplete tetanus; in E, tetanus was nearly complete, and 
in F it was complete. The time-tracing in each case shows half-seconiis. 
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are stimulated in relays intermittently because all the cells of the 
gQj*(j which control .the muscle do not receive this stimulus 
simultaneously (see motoneurone pool). Tins is suggested by the 
fact that a voluntary movement can be maintained for a relatively 
long period and also by the irregular nature of action currents 
of a voluntary contraction compared with the regular nature of the 
responses in experunental tetanus. In the latter fatigue occurs 
relatively rapidly because the stimulus even when submaximal 
is always applied to the same fibres which contract fully. 

On, the other hand, we know that in a voluntary contraction 



Fiq. 15. — Action currents from lium.in triceim (E.U.A.) rccorilcii with cosicentric during 

voluntary contraction gradually iticrea-sing in i>owor from A to C. (Adri-an and Jironk.) 


there is not a single nerve unit at work but probabi}- several which 
play an important part in co-ordinating and grading the degi'eo of 
contraction with that of other muscles. 

Sherrington has found that certain nerve-cells (tlioso con- 
cerned with extensor reflexes) have an inherent rate of rhythmic 
discharge which is unalterable, while olher.s (those concerned with 
flexor reflexes) have a rate which can be masked completely by 
imparting to the sensory nerve in a reflex ]'reparation other rates 
up to quite high figures (100 vibrations per second or more). In fact, 
in the flexors the rate of the muscular contractions under artificial 
shocks exactl}' corresponds to the rate of the stimuli whether they 
are applied to the motor nerve or to the sensory nerve in the reflex 
arc. A twitch, however, is never elicited rcfloxly. 

Lever Systems . — The arrangement of the muscles, tendons, and 
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bones presents examples of the three systems of levers which will be 
known to anyone who has studied mechanics ; the student of anatomy 
will have no difficulty m finding examples of all tffiee systems in 
the body. What is most striking is that the majority are levers of 
the thiid kind, in which there is a loss of the mechanical advan- 
tage of a lever, though a gain in the rapidity and extent of the 
movement. 

Most muscular acts involve the action of several muscles, often 
of many muscles. The acts of walking and running are examples of 
veiy complicated muscular actions in which it is necessary not only 
that many muscles should take part, but that they should do so in 
their proper order and in due relation to the action of auxiliary 
and antagonistic muscles. 

Elasticity of Muscle. 

The danger of tearing in a muscle or its tendon when the muscle 
contracts is lessened by the fact that the muscle is elastic and 
extensible — and it may be shown, by measuring the increase in 



length which occurs when the muscle is loaded with different weights,' 
that it is more easily stretched relatively when it is contracted than 
when it is relaxed. Muscle is thus very different from a piece of 
indiaruhber which stretches exactly according to the weight placed 
on it. Fig. 16 shows the effect of equal increments of weight in 
indiaruhber and in muscle. 

The Work and Efficiency of Muscle. 

' Work done by, a muscle may be expressed in foot-poimds or 
gramme-centimetres according to the - height a given weight is 
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raised, allowance being made for the magnification by the lever. 
This is the isotonic method used in most classes, but it gives only 
approximate results because of the work done in overcoming the 
inertia and ‘friction of the lever system. 

In more accurate investigations, therefore, the muscle is not 
allowed to shorten, and the work is measured in terms of the tension 
exerted at its extremities. This is known as the isometric method. 

The muscle is made to pull against a spring which it can only 
move to a very slight extent. The slight movement is greatly 
magnified by a long lever or by a beam of light reflected from a 
mirror on the spring. 

It is considered better to regard the end-product of muscle 
contraction as potential energy set free (A. V. Hill). The results 
are, however, very similar to those obtained by the ordinary* isotonic 
method in which the muscle is allowed to shorten. Jvlany attempts 
have been made to calculate the energy set free on contraction by 
making use of the heat produced during contraction. The whole 
problem is complicated by the fact that in different circumstances 
different amounts of energy are at the disposal of the muscle and 
accurate results are therefore difficult to obtain. 

The isometric investigations have, however, ompliasised that of 
the total work done by a muscle, only a part appears as external 
work, e.g., the Kfting of a load. A large proportion is required to 
overcome the "vdscous resistance of the muscle itself. We may 
compare the loss to the energy wasted in stirring a viscous fluid 
compared with a non-viscous fluid at the same speed. Purther, the 
more rapidly we stir, the more energy is wasted in tliis way. It 
follows, therefore, that within limits the more slowly a muscle 
contracts, the more energy appears as external work, and that there 
is an optimum rate of contraction. 

It can be shown that human muscles liave a similar optimum 
rate of contraction or speed of movement and tliat exorcise, e.g. 
walking faster or slower than our optunum, is wasteful and involves 
the use of extra oxygen and fuel. ' This fact is of great importance 
in industry, and in long distance racing, although other factors, such 
as co-ordination of muscles, also enter into "the problem. It is 
interesting to remark that the practical optimum for marching 
(120 paces per minute) recognised by the Army corresponds to the 
theoretical optimum found by pliysiologists. The fatigue wo experi- 
ence from walking very slowly depends on a variety of causes. 

A ^ rise of temperature, by increasing the rate of contraction, 
diminishes the amount of external work done. 

In measuring the total realisable work of a muscle accurately, a 
simple lever system with a fixed load is not satisfactory, since it 
does not permit of proper utilisation of the elastic energy. This 
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difficTilty is overcome by the use of the iuertia lever. By it, the 
muscle contracts against the inertial resistance of a heavy balanced 
lever. The muscle has to overcome the inertia of the system at 
the beginning of the contraction, when its force is. maximal, and 
subsequently has only to accelerate its movement. At each stage 
of its contraction, the muscle is opposed by a force which it can 
just overcome. The system may be weighted and the inertia varied, 
so that the maximum load and the maximum shortening are obtained. 
Since the inertia and weight of the system are known, the work done 
can be calculated from the height to which the lever is raised. 

In the body some of the muscles act isotonically and some 
isometrically. For instance, in the muscles which move the arms 
-shortening is important, while in those which move the jaws tension 
is the more important. The latter are characterised by a large 
number of short fibres which converge like the barbs of a feather 
on its quill, while in muscles which shorten greatly the fibres are 
relatively longer, fewer, and almost parallel. Some muscles are of 
mixed character. 

The effect of load on the work done depends largely on the way 
in which the load is applied to the muscle. ^ The weight may be 
allowed to stretch the resting muscle, in which case the muscle is 
said to \)Q free-weighted ; or the lever may be supported so that the 
muscle is not stretched until the contraction, begins. Then the 
muscle is said to be after-loaded. 

The following figures are taken from an actual experiment done 
with free- weighted gastrocnemius by the isotonic method (Weber) : — 


Weight lifteiK 

uoteht. 

Work done. 

5 grammes 

15 

25 

30 

27 '6 millimetres 
25-1 

11-45 

7-3 

138 gramme-millimetres 
376 

286 

219 


The work done is found by multiplying the weight by the height 
through which it is raised. In carrying out the experiment 
allowance must be made for magnification, which depends on the 
length of the lever. 

The work increases with the weight up to a certain maximum, 
after which a diminution occurs, more or less rapidly, according as 
the muscle is fatigued. , 

If the load is allowed to stretch the resting muscle it is found 
that the mechanical work performed is increased and it is to be 
observed that when we wish to obtain the maximum effect we 
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commonly stretch our own muscles prior to use. It will be seen 
later that this ability of muscle to respond within certain limits to 
increased load is of great importance in the case of the heart and the 
intestine. 

By the isometric method it is shown that there is an optimum 
length at which a maximum tension is produced, and it has been 
found by Hartree and Hill that at the optimum length the largest 
amount of heat is produced. An increased load up to a certain point 
also increases the work done by slowing down the rate of contraction, 
for as we have seen slow contractions are more economical than 
fast as less heat is produced in overcoming viscosity. 

The muscle, regarded as a macliine, is sometimes compared to 
artificial machines like a steam-engine. A steam-engine is supplied 
with fuel, the latent energy of which is transformed into work and 
heat. The carbon of the coal unites with oxygen to form carbonic 
acid, and it is in this process of combustion or oxidation that heat 
and work are liberated. Although the analogy between muscle and 
a steam-engine is by no means an exact one, nevertheless it may 
stand for our present purpose (see A. V. Hill). 

Relaxation. — So far we have been speaking as though Uic only active phase of 
muscular contraction were the period of shortening. It is, however, extremely 
probable that lengthening is also an active process. This was originall}' mooted 
by Fick, who pointed out that tlie fall of a muscle lever during the relaxation 
period is of variable speed, and is ob^nouslv not due to the passive elongation of tlie 
muscle by gravity; the way in which tins part of Uic curve is varied by such 
agencies as temperature, and drugs like veratrine, also indicates that relaxation is 
an independent process. 

The Electrical Phenomena of Muscle. 

We have seen that the chemical processes occurring in muscular 
contraction lead .to a transformation of potential energy into work 
and heat. These changes are accompanied by electrical disturbances 
also. 

The history of animal electricity is really part of the history of 
the discovery of electricity. It dates from 178G, when Galvani 
made his first observations. Galvani was Professor of Anatomy 
and Physiology at the University of Bologna, and his wife was 
one day preparing some frogs’ legs for dinner, when she noticed 
that the apparently dead legs became con^nllsed when sparks wore 
emitted from a frictional electrical machine which stood near. 
Galvani then wished to try the efiect of lightning and atmospheric 
electricity on animal tissues. So ho hung up some frogs’ legs to 
the iron trellis-work round the roof of his house by means of copper 
hooks, and saw that they contracted whenever the wind blow them 
against the iron. He imagined tliis to bo duo to electricity secreted 
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by the animal tissues, and this new principle- was called Galvanism. 
But all his contemporaries did not agree with this idea, and most 
prominent among his opponents was Yolta, Professor of Physics at 
another Italian university, Pavia. He showed that the muscular 
contractions were not due to animal electricity, but to artificial 
electricity produced by contact with different metals. 

The controversy was a keen and lengthy one, and was terminated 
by the death of Galvani in 1798. Before he died, however, he gave 
to the world the experiment known as “ contraction without metals,” 
which we shall study presently, and which conclusively proved the 
existence of animal electricity. Yolta, however, never believed in it. 
In his hand electricity took a physical turn, and the year after 



Galvani’s death he invented the Yoltaic pile, the progenitor of our 
modern batteries. Yolta was right in maintaining that galvanism 
could be produced independently- of animals, but wrong in denying 
that electrical currents could be obtained from animal tissues. 
Galvani was right in maintainiag the existence of animal electricity, 
but wrong in supposing that the contact of dissimilar metals with 
tissues proved his point. ' 

This conclusion has been arrived at by certain new methods of 
investigation. In 1820 Oersted discovered electro-magnetism : when 
a galvanic current passes along a wire near a magnetic needle, the 
needle is deflected one way or the other, according to the direction 
of the current. This led to the invention of the astatic needle and 
the ordinary mirror galvanometer which is used in every physical 
laboratory for the detection of sniall electric currents. 

The String Galvanometer. — In the ordinary galvanometer, by 

B 
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which electric currents may be detected, the current passes through 
a fixed coil of wire, and defleets a small magnetic needle suspended in 
the centre. This arrangement can be inverted, the magnet being large 
and fixed, and the coil small and movable. The string galvanometer 
of Einthoven is a development of this t}T;)e. The coil is reduced- 
to a single thread of glass (a, a fig. 17), coated with gold on the 
surface so as to eonduet the current. In less delicate apparatus a 
copper or platinum string may be used. It hangs between two large 
electro-magnets which give a very intense “field.” Whenever a 
current passes along the thread, it moves across the niagnetic field, 
the side to which it moves varying aceording to the direction of the 
current. The thread is illuminated by a strong light, and magnified 
by a microscope, which throws the image on to a screen. If a 


A 



Fio, 18.— Diagram of cathode ray tub". Electron') are emitted from the rdament C .".!id f-iM tlirwugh 
the metal shield S to bo converted into a be.am of light by the t'uoreeeent sereen at th*' end 
of the tube -and projccte<I on the lllni of the camera' 1’. Tlie l^'am it dritreted vertically for 
centering by the plates 2, and by the amplified current l.aterally by lh« platt-s 1. Tli" Idin of 
camera hs driven by a clochworh motor Into the dark 1»jx and may l»>cul utf in ^eelious as us.d 
by the knife K. The dark b)x, which Is in a sejarale conip-inment, U re.’novable. 

record of the movements is desired, the shadow of the string is 
thrown upon a slit behind which is a vertically moving photographic 
plate. The string galvanometer in hospital is extensively used for 
recording the currents of action of the heart, but is being replaced by 
the more robust cathode ray oscillograph, which has been greatly 
developed hecanse of its use in television, radiolocation and the like. 

The Cathode Ray Oscillogrraph will probably replace all other 
means of electrical recording, since having no moving parts its 
records are instantaneous and it is much less easily broken than 
the extremely delicate string of the string galvanometer. A cathode 
ray apparatus consists essentially of a beam of electrons emitted in a 
vacuum from a filament. TJic beam passes between plates and the 
application of a potential difibrence to the plates causes the beam to 
be deflected, the deflection being recorded on a moving photographic 
film. The currents must first bo magnified by a valve amplifier. 
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Non-PoIarisaWe Electrodes. — If a galvanometer is connected 
with a muscle by wires wliioh touch the, mnscle, electrical currents 
are obtained in the circuit which are set up by the contact of metal 
with muscle. The currents so obtained form no evidence of electro- 
motive force in the muscle itself. Moreover, the passage of an 
electric current through the tissue causes electrolysis with the 
movement of ions, the positive ions {c.g. Ha') passing to the kathode, 
the negative (c.g. OF) to the anode. There they give up their charges 
and chemical reactions occur, so that a minute gas battery is formed 
which^ interferes appreciably with the current under investigation. 
By the use of non-polarisable electrodes this may be prevented. 
In modern work silver chloride electrodes are used. These consist 
of silver wire previously- coated electrolytically with silver chloride. 



Fio. 19.— One of a pair of non-polaris.able electrodes. In this form a zinc rod dips into 
zinc sulphate in a piece of glass tubing one end of which is closed by a cork and the 
other with kaolin soaked in saline. Out of the latter there pass to the muscles or 
nerve a few strands of fat-free wool soaked in saline. Any ,Zn which is set free 
becomes deposited in the electrode and any SOj in the other electrode acts on the 
electrode slightly. The production of gas is thereby avoided. ' • 

When, therefore, sodium chloride is broken up the Ha' and Cl' ions 
merely form sodium chloride and silver chloride and no further 
reaction takes place. In the older form of Du Bois Beymond 
amalgamated zinc dipping into zinc sulphate solution was connected 
to the tissue by china clay soaked in physiological salt solution. 
Electrodes on this principle are still used in taking records of heart 
currents. 

Eig. 19 shows a convenient form of the latter variety. 

Current of Action. — In a muscle removed from the body it is 
found that on leading off two parts of its surface to a galvanometer, 
the needle (or in the string galvanometer, the string) usually 
moves; this indicates that the two parts of the muscle are not in, 
the same state of electrical potential, and therefore a current flows 
when the two parts are connected by a conducting wire; the 
most marked result is obtained when the longitudinal surface is 
connected with one or other of the cut ends as in fig. lY. This is 
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the ' current of ioijuo'y ; an injured portion of a muscle, such as the 
cut end, resembles the zinc in a zinc-copper cell, and is therefore 
galvanometrically negative in contrast to the uninjured centre. The 
longitudinal uninjured surface thus corresponds to the copper of a 
Daniell cell, and the electrode attached to it is the positive pole ; 
it may therefore be spoken of as galvanometrically •positive. This 
is indicated in the diagram by the + and — signs, and the direction 
of the current is shown by arrows.* 

Du Bois Eeymond further demonstrated that when the injured 
muscle showing its injury current was made to contract tetanically, 
a current was set up in the opposite direction which caused the 
galvanometer needle to return towards its previous position. This 
lessening of the injury current he spoke of as the negative variation, 


G 



Fio. 21.— niph-xi!!; cum' of th') norma] 
.'lartoriin, (Aft>'r Kri*.!: I.uern.) 



but it is now more usually termed tlio current of action. The 
essential cause of the current of action is tliat active portions of a 
muscle become (Uke injured portions) galvanometrically negative 
in contrast with the portions of the muscle which are at rest. 

The electrical change during a twitch is called a diphasic 
variation. The contracting part of a muscle becomes first more 
negative (galvanomoti’ically) ; it then rapidly returns to its previous 
condition. The change indicates a disturbance of the stability of the 
tissue; its disappearance is the result of a return of the muscular 
tissue to a state of rest. If the muscle is stimulated at one end, a 
wave of contraction travels along it to the other end. Tlie electrical 
variation travels at the same rate as the visible contraction, but 
precedes it. 

Suppose two points {p and d) of the muscle (fig. 20) are 

* It will be realised tliat since it is now known that neffative ions “flow" to 
the positive and not the reverse, the current is really “ilowinif” llirongh the 
galvanometer in tlie proper direction. 
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connected by non-polarisable electrodes to a string galvanometer, 
and that the muscle-wave is started by a single stimulus applied 
at A; just before the visible wave reaches ^ this point becomes 
galvanometrically negative to d, and therefore a current flows from 
dtop through the galvanometer G. A moment later the two points 
are equi-potential and no current flows ; a minute fraction of a 
second * later this balance is upset, for when the wave reaches the 
point d, that point undergoes the same change, and the galvanometer 
needle moves, in the opposite direction. 

If, however, instead of examining the electrical change in the 
muscle in the manner depicted in fig. 20, one electrode is placed on 



Fio. 22.— M indicates the mochanicai response of the muscle, H the rate of heat production, and E the 
electrical change. Note the early electrical change and the initial and delayed heat. The muscle 
was stimulated at 0. (After Samojloff, Hill and Hartree.) 

the uninjured surface and the other on the cut end, the electrical, 
response is a different one. : 

Under these conditions, the electrical change is a monophasic 
variation, for when the muscle-wave reaches the cut end, this part 
of the muscle, owing to its injured state, does not respond to the 
excitatory condition, and the electrical response is also extinguished. 
If the muscle is thrown into tetanus a series ^ of monophasic 
variations is produced. 

The employment of instruments of precision. Like .the string 
galvanometer or oscillograph has enabled investigators to ascertain 
the time of onset and duration of the electrical disturbance; this 
precedes the actual shortening of the m.uscle, occurring chiefly 
* The time varies with the distance between p and d. 
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during the latent period, and it is completed long before the visible 
contraction is over. This is well shown in the preceding diagram 
(fig. 22) in which the muscle curve (M) is seen with its accompany- 
ing electrogram taken with the string galvanometer. 

Muscle is not the only tissue winch exhibits electrical pheno- 
mena. A nerve which is uninjured is iso-electric ; injury causes a 
current of injury; activity is accompanied by a similar diphasic 
wave travelling along the nerve simultaneously with the nervous 



impulse. The actmty of secreting glands, vegetable tissues, retina, 
etc., is accompanied by somewhat similar electrical changes, which 
we shall study in detail later. 

The most prominent exhibition of animal electricity is seen in 
the electric organs of electric fishes. In some of these fishes the 
electric organ is modified muscle, in which a scries, as it were, of 
hypertropliied end-plates corresponds to the plates in a voltaic pile. 
In other fishes the electric organ is composed of modified skin glands. 


"But in each case the electric discharge is the principal phenomenon 
that accompanies activity. 

Galvani’s contraction without metals. If the nerve of a nerve- 
muscle preparation A is held by a glass hook upon another muscle 
B (fig. 23) or upon its own muscle, it will bo stimulated by the 
injury current of the muscle on wliich it is held, and this leads to 
a contraction of the muscle (A) which it supplies. The experhnent 
succeeds best if the nerve is dropped across a longitudinal surface 
and a freshly made transverse section. 

Secondary contraction. This is caused by the current of action. 
If, while the nerve of A is resting on the muscle B (fig. 24), the 
latter is made to contract by the stimulation of its nerve, the nerve 
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of A is stimulated by the electrical variation which accompanies 
the contraction -of the muscle B, and so a contraction of muscle A 
is produced. This is called secondary contraction. 

Chemical Changes in Muscle. 

In an earlier section if has been stated that the energy of muscle 
contraction is derived from the burning of carbon and hydrogen 
to carbon dioxide and water, but it has become evident that many 
other changes occur and these are of interest because they give 
a clue to the obscure problem of the nature of muscle contraction. 

Apart from the contractile element in muscle it is now known 
that there occur in resting muscle three substances which are broken 
do'wn during contraction, adenyl pyrophosphate, creatine phosphate, 
and glycogen. The first two are completely restored during recovery, 
the glycogen only partly so, the remainder of the latter being the 
essential source of the chemical energy. 

The most important early observations on the subject were made 
by Bletcher and Hopkins, in 1907, wTio found that a muscle would 
contract in an atmosphere of nitrogen, in which circumstances 
lactic acid accumulated and the muscle would not recover in the 
absence of oxygen. It appeared most likely that tins liberation 
of lactic acid was an essential process in the mechanism of con- 
traction and many theories, especially those of Hill and Meyerhof, 
were built up on this hypothesis. The experiments showed clearly 
that the oxidation process was not essential for the contraction 
but for the recovery. 

A complete revolution in our ideas of the subject occurred, 
however, when it was found, in 1930 by Lundsgaard, that a muscle 
poisoned with iodoacetic acid would contract in? the absence of 
oxygen although no lactic acid was formed. Attention was then 
paid to the other changes which occurred in the muscle.- 

It had been observed, in 1914 by Emden in Germany,' that the 
addition of phosphate to muscle juice containing glycogen caused- 
the latter to be broken down to lactic acid with the liberation of 
phosphoric acid through an intermediate stage of -hexose phosphate 
which was called lactacidogen. A study of the phosphates of the 
muscle had led to the discovery, in 1927, by the Eggletons in 
London, and by Eiske and Subbarrow independently in America, 
of creatine phosphate which was broken down by contraction to 
creatine and phosphoric acid, and rebuilt during recovery. Tliis 
was then thought to be most intimately concerned- with the con- 
traction, and gained support from the findings that, in a poisoned 
muscle deprived of oxygen, the energy released by the muscle was 
proportional to the creatine phosphate broken down, and that a 
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poisoned muscle will contract until all the creatine phosphate is 
broken down, when the muscle dies. Later it was found that, like 
the glycogen, it was not broken down until immediately (20 seconds) 
after the contraction is over. It will be realised that it is the 
rapid changes which occur which make the study of this subject 
so difficult. Much has been done by slowing the processes by 
cold. 

Later Emden discovered adenyl pyrophosphate which is broken 
down during contraction to adenylic acid and phosphoric acid. The 
adenylic acid subsequently produces inosinic acid and ammonia. 

Thus it is seen that sufficient phosphoric acid is released during 
or immediately after the contraction for the phosphorylation of the 
glycogen and its conversion to hexose phosphate. 

In the rebuilding process the phosphoric acid is again releirsed 
to resynthesise the creatine phosphate and aden}'l pyrophosphate. 
In tliis two processes appear to be possible. (1) Normally the 
energy for the rebuilding process would scorn to be derived from 
the oxidation of lactic acid to carbon dioxide and water,- but a 
study of the amounts of glycogen broken down, lactic acid and 
carbon dioxide produced, indicates that much more lactic acid is 
produced than is oxidised. In the frog much of the unoxidised lactic 
acid, possibly as much as four-fifths is resynthesised back to glycogen 
in the muscle itself, but in the mammal this appears to occur only in 
the liver and the resynthesis is probably less, for in severe exercise 
there is a considerable rise of blood lactate and excretion of lactate in 
the urine. (2) Tlie energy released in the breakdown of the hexose 
phosphate to lactic acid is considered also to bo of value in the 
resynthesis of the creatine phosphate and adenyl phosphate, for 
in a muscle deprived of oxygen or short of creatine phosphate there 
is a synthesis of creatine pho.sphate. It is thought that normally 
about one-third is synthesised in this way. 

An attempt to show these changes diagrammatically is given 
below, the details of the carbohydrate breakdown being omitted 
for simplicity. They are given in relation to the "Oxidation of 
Carbohydrates ” later. 

This view fits in well with the measurements of heat production 
given in the next section, which indicate that more than half the 
heat produced by a muscle is evolved during recovery but then only 
occurs if oxygen is present. There is very little delayed ana-robic 
heat, the energy being used to drive the synthetic processes in 
these circumstances. 

There is also evidence that the re.synthesis of the adenyl 
phosphate depends on the reconstitution of the creatine phosphate. 

Essentially wo do not know whether the changes which take 
X^lace are the cause or the result of the contraction process, and 
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still less do we know how the alleged humoral transmitter, acetyl 
chohne, from the nerve to the muscle acts. At the moment of 


SCHEME OF THE CHEMISTRY OF MUSCLE CONTRACTION 



Fia. 25. — The first lialf of recovery is anajrobic but tbo second half requires oxygon. 

Tlio bear'y lines indicate breakdown. 

writing it would seem that the actual contractile element may be 
an enzyme, adenyl phosphatase, which suddenly becomes activated. 


Oxygen Debt. 

From what has been said regarding the oxidation of lactic acid 
it is seen that the muscle, unlike an internal combustion engine, 
uses oxygen after the contraction is over to recover and prepare 
for the next contraction. If oxygen is not sufficient the accumula- 
tion of lactic acid represents an oxygen debt, and such a debt' can be 
shown to occur not only in isolated muscle but also in man. 

In man, oxygen debts of less than 2‘3 litres are not accom- 
panied by the appearance of any lactic acid in the blood. With , 
larger debts the lactic acid accumulation is proportional to the excess 
of debt over this figure. The “alactacid ” debt is probably accounted 
for, by a depletion of the store of creatinephosphorie acid in the 
muscles (Margaria, Edwards and others). 
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' Normally in severe exercise the circulation carries away neutralised 
lactic acid which may be resynthesised in other tissues, especially the 
liver, or may be excreted in the urine. 

That carbohydrate is the chief source of muscular energy is 

shown by the fact that the respiratory quotient 

O 2 retained 

p. 253) during the total period of exercise and recovery is unity. 



Fig. 20.— Diagrom showing oxygen dcht (after Hill and Lupton). 


If, however, the exercise is prolonged the respiratory quotient may 
be less than unity, showing that substances otlier tlian carbohydrates, 
notably fat, can be used. During the period of actual exorcise the 
respiratory quotient is often greater than unity; this is especially 
true of severe exorcise, and is to be explained by tlio increased 
breathing which causes carbon dioxide to bo swept out in unduly 
large amounts. The increased breathing is due to lactic acid 
entering the blood and presumably raising its H-ion concentration 
(Hill, Long and Lupton). Conversely, during the recovery period 
the E.Q. may fall below unity bccjiuso of the retention of carbon 
dioxide in the body. (See Ecaction of the Elood.) 

Fatigue of Muscle. (See p. 70.) 

Thermal Changes In Muscle* 

A muscle when uncontracted may not bo at absolute rest; 
chemical changes occur in it, and consequently heat is produced. 
There is a transformation of the potential energy of chemical 
affinity into other forms of energy, especially molecular motion 
and heat. But when muscle contracts, the liberation of energy is 
increased; work is done, and more heat is produced; the heat 
produced represents more of the energy than the work done. 
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On a cold day one keeps oneself warm by exercise ; in fact the body 
temperature may go up temporarily 1° to 2° as a result of muscular 
activity. 

F or the detection of small rises in temperature, a thermopile, and 
not a thermometer, is employed. 

A thermopile consists of a jimction of two different metals such 
as antimony and bismuth ; the metals are connected to a galvano- 
meter. If one junction is heated and the other not an electrical 


Diagram 1. Diagram 2. Diagram 3, 



Fio. 27. — Diagrams to iltastrate the principle of thermopiles. 


current passes round the circuit and is detected by the galvano- 
meter. If the number of junctions in the circuit is increased, 
and one set is heated, the electrical current is increased through 
the galvanometer. The arrangement is shown in fig. 27. 

Needle-shaped couples may be plunged into the muscles. In. 
modern work the muscles may be laid on a number of junctions 
in series and wound round a vulcanite support, and the apparatus 
enclosed in a chamber such as a thermos flask to prevent heat loss 
(Hill), and keep the outer junctions at constant temperature. 

In the thermopile of A Y. Hill,^' the combination used is copper 
or other metal and an alloy known as constantan (an alloy of 
copper 60 per cent, and nickel 40 per cent.). By employing 
a large number of such junctions in connection with a mirror 
galvanometer, it is possible to measure, the heat produced even in 
such small muscles as a frog’s sartorius, the amount of deflection 
by known quantities of heat being subsequently .determined. The 
responses of this delicate instrument -are recorded photographically 

* A V. Hill is Foulerton Research Professor of the Royal Society. 
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and are so inamediate that it is also possible to ascertain the exact 
time when the heat 'formation occurs. 

The important result has been obtained that not only is heat 
produced during the mechanical response (initial heat), but also after 
(recovery heat). The latter is associated -with the processes which 
accompany recovery and requires the presence of oxygen; but the 
initial heat like the contraction is produced independently of the 
presence of oxygen. The amount of heat is approximately pro- 
portional to the duration of the stimulus and to the tension j)rodueed. 
The initial heat depends on (1) contraction, (2) the continuance of 
contraction in the case of a tetanus, and (-3) relaxation. In a 
tetanus we can say, therefore, that there arc four phases of heat 
production. 

The relation of the output of heat to tlie other changes are seen 
in fig. 22. 

If a muscle is not allowed to shorten wlien it contracts all the 
energy e.xpended appears as heat, but if it is allowed to contract 
at an optimum rate (see p. 30) to prevent loss due to viscosity 
practically all the initial heat appears as work and it has been 
calculated that the mechanical efficiency of muscle is on the average 
about 40 per cent. 

An ordinary locomotive wastes about 96 per cent, of its 
available energy as heat, only 4 per cent, being represented as work. 
In the best triple-expansion steam-engine the work done rises to 
12’5 per cent, of the total energy. Thus muscle is more economical 
than the best steam-engines. The body lias further advantage over 
any engine, for the heat it produces is not wasted, but is used for 
keeping up the body temperature, the fall of which below a certain 
point would lead to death, not only of the muscles but of the body 
generally. 

In most engines much heat is lost and is so much wasted energy. 
In the body the heat is of value to maintain metabolic procc.sses. 


Rigor Mortis. 

After death, the muscles gradually lose their irritability and pass 
into a contracted condition. This allccts all the muscles of the body, 
and usually fixes it in the natural posture of equilibrium or rest. 
The general stifiening thus produced constitutes rigor mortis ox post- 
mortem rigidity. 

The cause of rigor is the coagulation of the muscle-plasma, which 
is more fully described in the next section. This coagulation results 
in the formation of myosin, and is gradual in onset. Simultaneously : 
(a) the mmclcs lecomc shortened and opaque; (b) heat is evolved; 
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the tiiuscles give off carhonic acid, and (ff) hecome acid in reaction 
(this is due in part to the formation of sarcolactic acid, and 
iu part to the formation of acid phosphates) ; (e) glycogen 
disajjpears. 

After a varying interval, the rigor passes off, and the muscles 
are once more relaxed. This sometimes occurs too quickly to 
be caused by putrefaction, and there is very little doubt that it 
is really the first stage in .the self-digestion or azctolysis which 
occurs ■ in all tissues after death, owing to the presence of intra- 
cellular enzymes or ferments. This fact we take advantage of in 
the " hanging ” of meat, especially game wliich is liable to be tough, 
to make it tender. It is known that a pepsin-like or proteolytic 
enzyme is present in muscle, as in many other animal tissues — . 
kidney, spleen, etc. (Hedin) — and that such enzymes act best in 
an acid medium. The conditions for the solution of the coagulated 
myosin are therefore present, as the reaction of rigored muscle 
is acid. 

07 'der of Occurrence . — All the muscles are not affected simul- 
taneously by rigor mortis. It affects the neck and lower jaw first ; 
next, the upper extremities, extending from above downwards; 
and lastly, reaches the lower limbs; in some rap instances, it 
affects the lower extremities before, or simultaneously with, the 
upper extremities. It usually ceases in the order in which it 
begins : first at the head, then in the upper extremities, and lastly 
in the lower extremities. It seldom commences earlier than ten 
minutes, or later than seven hours after death; and its duration 
is greater in proportion to the lateness of its accession. 

The occurrence of rigor mortis is not prevented by. the previous 
existence of paralysis in a part, provided the paralysis has not been 
attended with very imperfect nutrition of the muscular tissue. In 
a deeply narcotised, e.g. chloralosed, animal the onset of rigor mortis 
is much delayed, and the tissues 'may remain excitable for long 
periods (Hemingway and' McDowall). It has been observed by 
Hoet and Marks that in animals dying after prolonged .-thyroid 
feeding or after hypoglycaemic convulsions there is no increased 
acidity of the muscle, yet rigor occurs; it is suggested tht,t the 
disappearance of glycogen rather than increased acidity is responsible 
for the production of rigor mortis, although in ordinary rigor both 
occur together. Eigor occurs most readily in fatigued muscles, e.g. 
of hunted animals, in which the glycogen content is low and thh 
acidity high. A muscle poisoned with iodo-acetate which pre- 
vents the formation of lactic acid remains alkaline when it goes 
into rigor. 
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Ohemical Composition of Muscle. 


The general composition of muscular tissue is : — 


Water 

Solids 

Proteins 
Gelatin 
Fat . 

Extractives . 
Inorganic salts 


75 per cent. 




18 

per cent.' 



• 1 2 to 5 




• J 

.■ O'o 

«« 



. 1 to 2 



r2y per cent 


The extractives comprise a large number of organic substances, all present 
in small quantities, some of which arc nitrogenous, such as creatine, creatinine, 
xanthine, and hj'poxanthine : tlic rest arc non-nilrogenous— namely, fats, glycogen, 
glucose, inositol, and the variety of lactic acid known ns sarcolactic acid, 'flic 
inorganic salts are chiefly salts of potassium, especially poLassiurn phosphate. 

By fractional heat coagulation and studies of solubilities in neutral salt solutions, 
Halliburton separated several proteins from muscle plasma — 


Paramyosinogen : a globulin which coagulates at ‘J7’ C. 
Myosinogen : a globulin-like protein which coagulates at 5G’ C. 
Myoglobulin : precipitated b}’ heat at 03’ C. 


In addition there are albumin and myoalbumin, nuclcoprotein from the nuclei, and 
haemoglobin from the blood which, with similar pigmenLs, e.ij. cytochrome, >:ivc 
muscle its red colour. If a muscle be healed in saline while attached to a lever it 
is seen to go into complete heat rigor in stages corresponding to these coagulations. 
This shows that proteins of plasma arc in the actual muscle substance. 

The spontaneous coagulation of mtiscic known ns rii/or inorlh, which occurs at 
death, is the result of changes in the paramyosinogen and myosinogen. 'J’his 
coagulation of muscle protein corresponds to and is affected by almost the same 
condirions as the coagulation of the blood, except that myosinogen pa.sscs through 
a soluble stage during which it is coagulated at •10'' C. 
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Unsteiated muscle is responsible for the movement of a large 
number of structures especially the tubes of the body. It is com- 
posed of long, fusiform cells or fibres (fig. 29 ), which are not as 
a rule more than inch long. Each cell has an oval nucleus. 
The cell substance is longitudinally but not transversely striated, 
and is covered by a delicate sheath. The fibres are united by 
cementing material, which is. stained by silver nitrate, and is bridged 
across by fine filaments passing from cell to cell. 

Unstriated muscle is sometimes called plain or smooth muscle. 

The main difference between voluntary and involuntary muscle is 
the difference expressed in their names. Voluntary muscle is under 
the control of that portion of the central nervous system whose 
activity is accompanied by volition. Involuntary muscle, unstriated 
and cardiac, on the other hand, may contract independently, but is, 
as a rule, also under the control of a portion of the central nervous 
system whose activity is independent of volition. 

Another characteristic of involuntary muscle is a tendency to 
regular alternate periods of rest and activity, or rhythmicality* This 
is best exemplified in the heart, but it is present in all smooth 
muscle. In this respect it is like cardiac muscle. Those smooth 
muscles commonly studied are those of the uterus, the large arteries, 
the intestine and the retractor penis (of the cat or dog). They are 
chosen because of the ease with which their movenients can be 
recorded when they are removed from the body. In the body, how- 
ever, it is possible to devise means of recording or observing the 
movements of many of the internal ergans, but their reactions are 
usually complicated by their environment. 

The usual method of studying smooth muscle is to suspend it 
in a bath of Einger’s solution {i.e. a sahne solution of certain com- 
position) which is kept at the temperature of the animal from which 

* Under special conditions, voluntary muscles may show rhythmicality. If one 
end of the sartorius of a curarised frog is dipped into Biedermann's fluid, it contracts 
rhythmically in a manner analogous to the heart. This fluid has -the. following 
composition: — Sodium chloride 5 grams, alkaline sodium phosphate 2 gr. , sodium 
carbonate 0 '5 gr. , water 1 litre.- 
47 
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the preparation has been derived and through which oxygen is 
bubbled. (See Method of Studying Intestinal Movements.) 

This method is used extensively in the case of the guinea-pig’s 
uterus upon which drugs like pituitary extract are standardised. 

It is indeed possible to obtain nerve muscle preparations of 
unstriated muscle such as those used by McSwiney, by Eobson, and 
by Finkehnann. These workers used pieces of stomach and of 
intestine with the vagus and splanchnic nerves attached. 

The properties of imstriated muscle have been studied particularly 
by Evans, by Brocklehurst, and by 'VVinton. The coxitahility of 
unstriated muscle is much less to electrical stimuli than striated 
muscle. Single induction shocks are often ineflectual in producing 
contraction while the make of a constant current may act as a 
stimulus. The break is less eflective as it is of shorter duration. 
The chronaxie of unstriated muscle may be from 1-3 sec. 
compared with '005 sec. for striated muscle. On the other hand 
it responds much more readily to chemical stimuli than striated 
muscle. 

Successive effective stimuli are summated very markedly, a com- 
pletely fused response corresponding to a tetanus being obtained by 
very slow stimuli — about 1 in 10 secs. The duration of tlie ordinary 
isotonic response is often very long, but varies very much in diflbrent 
tissues and animals. 

Unstriated muscle in the body exhibits the remarkable property 
of going in a tetanic-like sustained contraction known as tomts. 
A severe variety of tliis may occur in the case of the large colon 
when it becomes very irritated and may caxise very great ]iain. In 
some persons whose abdomens are thin and lax the contracted colon 
may be felt like a sausage under the hand. After the feetus is born 
such contraction of the uterus is a most important asset in arresting 
hremorrhage. It occurs also in blood-vessels. 

The fibres of unstriated muscle are not isolated from each 
other like those of striated muscle but are linked together into 
masses or sheets. A graded rcsjionse to ditlerent strengths of 
stimulus is therefore not obtained and there is a tendency for the 
contraction to spread throughout the whole muscle. ^Vhy it is 
sometimes limited to one region, as in the instance just quoted, is 
unknown. 

Unstriated muscle is markedly affected by compression or stretclLing 
which acts as a mechanical stimulus, Tlio tension which the muscle 
develops when it contracts is, as in the case of striated muscle, greatly 
increased by an increase in its initial length. The jiowerful con- 
tractions of the intestines which are caused by saline purgatives are 
produced by the stretching which is the result of the saline attracting 
water into the hunen of the gut. Vegetables and fruit, tho cellulose 
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of which is not digested, benefit intestinal movements in the same 
way. The uterus may he caused to contract by compressional 
massage, a procedure commonly adopted. 

Within physiological limits unstriated muscle is generally relaxed 
by heat, a fact which is made use of clinically in the relief of 
spasm. Cold tends to cause contraction, as do also rapid changes 
of temperature. 

Although smooth muscle contracts independently when isolated 
from the nervous system its contractions tend to be irregular and 
spasmodic. In the body the smooth muscle of organs is controlled 
by nerves belonging to the autonomic nervous system. In this way 
their activities are correlated to the general requirements of the body. 
There is invariably a dual nerve supply, one of which is inhibitory 
and the other augmentary. The exact action of these nerves has by 
no means yet been worked out and is greatly complicated by the 
fact that not only may the same nerve have different actions on 
different organs or parts of organs but the action may depend very 
materially on the state of the organ at the time of experiment, as 
shown by MeSwiney and liis co-workers. 

Illustrations of the activity of the smooth' muscle of the 
alimentary canal are shown in relation to the movements of the 
alimentary canal in a later section. 

The thermal and chemical changes which occur in unstriated 
muscle are, so far as has been ascertained, essentially the same as 
those of striated muscle. A particularly interesting fact is, however, 
that the sustained contraction known as tonus apparently takes 
place with no increased expenditure of energy, nor is there apparently 
fatigue. 

A similar sustained and very economical form of contraction is 
seen in the mechanism which keeps the shell of an ordinary mussel 
shut, and also in the rigidity which occurs in the extensor muscles 
of the hmbs of animals when the higher parts of the brain are 
removed. In the latter case a small amount of extra energy is used 
(Roaf, Dusser de Barenne), but in the case of smooth muscle or 
of the mussel no additional energy as estimated by its oxygen 
consumption is used. 

The phenomena of rigor mortis in involuntary muscle have not' 
been so fully studied as in voluntary muscle. It has, however, 
been shown that the chemical composition of involuntary muscle 
differs in no noteworthy manner from that of voluntary muscle, 
and on death the muscle becomes acid ; such products as carbonic 
acid and sarcolactic acid are formed. In the stomach, uterus, and 
rectum, post-mortem rigidity has been noted, and it probably occurs 
in all varieties of unstriped muscle, but commonly this may be due 
to the faU of temperature. 
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CARDIAC MUSCLE. 


The muscle-fibres of tlie lieart, unlike those of other in- 
voluntary muscles, are striated ; but although in this respect they 
/ resemble the skeletal muscles, they have 

.,.,^ ■ 1 i./ - , - , -] several characteristics of their omi. The 
\ ^ fibres, which lie side by side, are united at 

frequent intervals by shortbranches (fig. 28 ), 
t' ‘'1 f^ict which ha.s a considerable bearing on 

©V-i-.f/ their function as it ensures that large masses 
muscle, in most case.s tlie wliolc heart, 
contract at once. The fibres are smaller 
< -7'] than those of the ordinary striated nnisclcs, 

A>i- i ■h,'':/ ,"~i f' n- /-•'■'• their transverse striation is loss clear. 

* A sarcolemma can bo discerned. Each 

Mi} h'':lp^j.r.' /(hr'^ /r- tibro has only omi nucleus which is situated 

in the middle of its substance. At the 
\ ^ junctions of the fibres there is a certain 
‘ amount of cementing material, stainable 

F.o.2S.-SccUonon.c.n.m.so!o. 

by fine fibrils from cell to cell. 

The structure of cardiac muscle gives it very important 
phj'siological properties which are more prop(!rly stuilied later in 
relation to the heart. 


*,'\V /If 

h<‘’ v-'<7' :-v 

etli® fJl 
mkitlS/Mh 


Fjo. 2S. — Section of licarl imi'iclc. 



'Fio. 29. — DrowiiiK of .a aictlon of .smooth I’lo. SO.— I'rnwiii'.; of a scotlo:; of .strip'"! 

muscle. Al)ovo tlio .section' is tnuis. mu-.clc laircs. 

verse, boloiv. longitudinal. 
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DIFEEEENCES BETWEEN THE THEEE TYPES OF MUSCLE. 

The differences between the three types of muscle are indicated 
in figs. 29 and 30 and in the following table : — 


Varieties of Muscle. 


Voluntiry. 

Involuntary. 

Cardiac. 

Cross-striped separate 

fibres. 

Under voluntary control. 

Not normally rhytlimically 
contractile. 

Controlled by the pyra- 
midal system of nerves. 

Not much affected by 
drugs. 

Contraction of individual 
fibres (all or none). 

- 

• 

No cross striations, also 
called smooth muscle. 

Not under voluntary 
control. 

Slow rhythmical contrac- 
tions. 

Controlled by the auto- 
nomic system. 

Easily affected by drugs. 

Contraction of groups of 
fibres 

Cross-striped fibres con- 
nected together. 

Not under voluntary 
control. 

Rapid rhythmical con- 
traction. 

Controlled by the auto- 
nomic system. 

Easily affected by drugs. 

Contraction of whole 
heart (all or none) in 
the lower animals, e.g. 
frog. 




CHAPTER VII 


THE NERVOUS SYSTEM 

The Structure and Function of a Nervous System 

However simple, or however complicated, the nervous system 
throughout the animal kingdom exists for the purpose of co-ordinating 
and adapting the activities of the animal to its environment, and 
for the internal regulation of the mechanisms of its body. 

■ A nervous system, therefore, consists essentially of afferent 
nerves which collect impulses from the outside world or from 
internal organs and transmit them to centres where they arc 
co-ordinated, of intermediate or connecting fibres, and of efferent 
nerves wliich distribute impulses to the different parts of the body. 

The degree of development of the nervous system in difierent 
animals varies enormously according to tlieir needs. It is relatively 
simple in the lower animals which are not endowed with mucli power of 
complicated movement, while it is very elaborate in the liigher animals 
in which there is adaptation to a vast variety of circumstances and 
activity. 

In each instance, however, the basal anatomical unit is the same, 
namely, the neurone, that is the nerve-cell and its processes or 
nerve-fibres, bundles of which form what we call nerves which we 
dissect. By some of its processes the nerve-cell receives and by 
o'thers sends out messages. The processe.s of one cell form a 
S3mapse (literally clasjj) or come into close contact with the 
processes of other cells, so that messages or nervous impulses may 
pass from one neurone to another as shown in the following diagram. 
This division of the nervous system into neurones was originally 
based on histological evidence. Ho sign of an actual connection 
between nerve cells could be demonstrated, but its occurrence was 
not entirely disproved until it was shown that nerve fibres cut 
off from their parent cells only degenerated as far as the nearest 
synapse. It has now been shown thiit this region of the s}-napse 
has a very important physiological function which is discussed later. 

In order to permit an ellicient interchange of impulses, certain ' 
nerve-cells and fibres have been eollected together into largo masses 
which constitute the central nervous system. This system has 
been compared, very aptly, with the central telephone exchange of 
62 
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a town through which one part may be connected with any other. 
This comparison is, however, very 
rough as it does not take into account 
consciousness, which depends on the 
activity of the brain. 

In vertebrates, the central nervous 
system consists of the brain and 
spinal cord. 

Suppose one wishes to move the 
arm : the efferent impulse starts in the 
nerve-cells of the brain, but there are 
no fibres that go straight from the 
brain to the muscles of the arm. 

The impulse travels down the spinal 
cord, by what are called pyramidal 
fibres, .. which form synapses with 
the nerve- cells of the spinal cord;, 
from these cells fresh nerve-fibres 
carry the impulse to the arm- 
muscles. The path is shown in 
the accompanying diagram (fig. 31). 

The cell of the motor cortex of 
the brain is represented by O.O., 
and its fibre (axon) by P.F. This 
passes into the white matter of the 
brain, and travels down the brain 
stem and spinal cord until it reaches 
the part of the cord which controls 
the arm movements, where it ter- 
minates by arborising round small 
internuncial cells (P.C.C.) which form 
a second relay ; thence the impulse is 
transferred to the large motor-cells 
(A.C.C.) whose nerve-fibres pass out 
to the muscles where they end in 
specialised end plates' and where, it 
is believed, a chemical substance is 
produced which acts on the muscle 
fibres. There is as it were a system 
of relays by which the impulses are 
distributed to different parts' of the 
body. 

One, cell may, by means of its 
processes, be connected with several other cells; For example, the 
cells in the spinal cord receive messages not only from the brain but 



Fiq. 31. — ^Diagram of the neurone of the 
motor path. For simpification the axon 
from PEGC is shown to synapse with 
the same internuncial cell PCG as the 
fibre of the pyramidal tract. This 
probably does not actually occur. ACC 
is a cell representing one of a large 
motoneurone pool in the region of the 
anterior horn. 
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also from other parts of the body (fig. 31). If the finger is pricked 
an impulse is set up in an afferent nerve or process of a sensory cell 
and is transmitted to the spinal cord, whence it is relayed to the 
muscles which cause the aim to be withdrawn. This is known as 
a reflex act since it does not involve any conscious effort but occurs 
quite automatically. 

The nervous structures involved in such an act we call a reflex 
arc, and consist of a receiving organ and afferent nerve with its'cell, 
an intermediate or connecting nerve and its cell, and an efferent 
cell and its fibre by which the impulse is sent out to the organ 
activated. 

We shall see that many of the activities of the body are 
brought about in tliis way and that the reflex may be looked 
upon as the physiological unit of the nervous system. We shall 
return to this subject later in considering the Central Xervous 
System, but meantime these facts must be kept in mind, since 
many of the processes of the body, c.g. the circulation of the blood, 
are largely controlled by such reflex mechanisms. 

For the detailed structure of nerve cells and fibres the 
student is referred to text-books of Histology. 



CHAPTEE VIII 


PHYSIOLOGY OF NERVE 

The nerves which we dissect and study are bundles of processes 
from nerve cells. Each cell gives off a long process or axis cylinder 
which is the essential conducting medium, but some nerves, the 
medullated nerves, have a surrounding myelin sheath wliich stains 
with osmic acid, and outside this another thinner sheath, the 
neurolemma. Hon-medullated nerves have no medullary sheath. 
On section a nerve is somewhat reminiscent of a compound electric 
cable the fibres of which are insulated from each other and which 
are bound together into bundles. 



Nerve fibres vary very much in size, a fact which is related to 
their function, as the larger fibres, of the order of 15-19 which are 
found in the spinal nerves suj)plying the voluntary muscles, conduct 
impulses most rapidly. Smaller fibres, which may be 1'8 jj. to 3'6 fi, 
exist in the autonomic part of the nervous system. They carry 
messages to the viscera or internal organs and for the most part 
are of the non-medullated variety. 

65 
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Investigation of the Functions of a Nerve 

There are two main methods by which the functions of a nerve 
may be ascertained: (1) section, and (2) stimulation. 

Section . — If a nerve is cut the loss of function that ensues may 
be observed. Thus, if a motor nerve is cut, motion of the muscles it 
supplies can no longer be produced by activity of the nerve-centre ; 
the muscle is paralysed. If a sensory nerve is cut, the result is 
loss of sensation in the part from wliich it comes. 

Stimulation . — In a cut motor nerve, stimvilation of the central 
end {i.e. the end still connected with the central nervous system) 
produces no result; stimulation of the peripheral end i^roduccs a 
nervous impulse wliich excites the muscles to contract. In a cut 
sensory nerve, stimulation of tlie periplicral end has no result, but 
stimulation of the central end causes a sensation, usually a painful 
one, and also reflex actions. 


Degeneration of Nerve, 

'\^^len a nerve is cut, there arc other results than the loss of 
function just mentioned; for, even though the nerve is still left 
within the body with a normal supply of blood, it becomes less and 
less irritable, till at last it ceases altogether to res])ond to stimuli. 

The part left connected to the parent cell, usually in the central 
nervous system, remains almost normal ; but the peripheral end 
undergoes what is called, after the discoverer of the j)rocess. 
Wallcrian dcrjcncration. In the medullated fibres tlie axis-cylinders 
fragment and tlie "medullary sheaths break uj) into drojilets of 
myelin. These changes appear between the first and third days 
after the section D, the small fibres in general showing the earliest 
changes; they may readily be detected by staining the myelin 
droplets black with osmium tetroxido (fig. Mo). Initially the changes 
occur autolytically but later, the droplets are digested and further 
broken up by the Schwann cells and, in the larger nerves, by 
invading macrophages. jVIost of the debris is removed within a 
month. At the same time, jiarticularly between the fifth and ninth 
days of degeneration, there is a multiplication of the Schwann 
cell nuclei. In the non-mcdullatcd fibres the fragmented axons 
are digested by the Schwann colls alone, 'J'ho oiuloneurial tubes, 
which in the normal nerve surround each fibre, remain patent during 
degeneration, though they shrink in diameter. There is a steady 
increase in the amount of ondonourial collagen from about the 
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beginning of the second ' week of degeneration onwards. Except 
for precocity in the immediate neighbourhood of the wound, the 



Fjo. 33.- Dflgcnfiration and rogoncration of nervo-librcs. A, Nerve-fibre, fifty hours after operation; 
my, medullary slicath brc.akiiig up into myelin drops; granular protoplasm ; », nucleus; g, 
primitive shcalli or neurolcmma. B, Norve-ftbic after four days; ey, axis cylinder partly broken 
up and enclosed in portions of myelin. C, A more advanced stage in which the medullary sheath 
has almost disappeared; numerous nuclei, n.", arc seen. B, Commencing regeneration; several 
fibres (C, t") have sprouted from the somewhat bulbous cut end (0) of the uerve-fibre ; «, an axis 
cylinder which has not yet acquired its medullary sheath ; s, s', primitive sheath of the original 
fibre. (Banvior.) 


degeneration occurs simultaneously throughout the whole extent 
of the peripheral stump of the nerve. 


Chemistry of Nervous Tissues. 

Nervous tissues contain 65 per cent, to 85 per cent, of water. The first careful 
study of this subject we owe to Halliburton who showed that grey matter contained 
a smaller proportion of solid (16-5 per cent.) than white matter {30 per cent.). He 
showed that in the cerebral grey matter the percentage of protein in the solids was 
highest (51 per cent.) and consisted mainly of nucleo-protein. 

Fat-like substances are also more abundant in non-medulJated nerve than in 
medullated. In the former, as percentages of total solids, there occur cholesterol 
47 per cent., lecithin 9-8 percent., kephalin 23-7 per cent, and galactosides 6 per 
cent. Various salts and extractives are also present. 
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When a nerve degenerates the solids become less, in particular the phosphorus 
content decreases greatlj’’ in three weeks. - 


Regeneration, of Nerve-Fibres. 

The histological appearance of a degenerated nerve indicates 
that there is a breakdown not only in an anatomical sense, but 
in a chemical sense also. As degeneration proceeds, frozen sections 
made after formol fixation gradually lose the binofringence -which 
is characteristic of normal myelin. The first changes can be detected 
six to twelve hours after the nerve has been cut, and provide a 
very delicate test of early degeneration. Staining reactions also 
change, though these are not consistently visible until at least -two 
days after the nerve has been cut. The reactions most commonly 
employed are those originating from the technique of Jlarclii. 
Intact medullary sheaths blacken in osmium tetroxide (in virtue 
of the contained phosphatides) but not if the nerve is treated with 
an Oxidising agent (potassium bichromate in Marchi’s method), 
which is usually mixed with the osmium tetroxide. Degenerate 
medullary sheaths on the contrary blacken even in the presence 
of an oxidising agent. In the later stages of degeneration the 
Marchi reaction is not obtained, because the broken-down globules 
have by that time been absorbed. 

After a nerve has been divided, function mav be restored bv 

^ * *r 

axis-cylinders sprouting from the central stump of the cut nerve, 
entering and growing dovui tlie degenerate ]>oripheral stump, and 
re-establishing connection with the receptors and efie(.*tors. There 
was formerly much controversy about the origin of the new axis- 
cylinders, many workers holding that they were formed in 
in the peripheral portion. jModern silver methods of staining the 
young axis-cylinders, however, show clearly that they come from 
the central stump, and this is supported by observation on living 
material, which is possible in tad])olt‘S CWilliams, Speidel). 

All recent work has indeed confirmed the older work in this 
re.spect, notably that of Halliburton, wlio showed that the regenera- 
tion of nerve could be prevented by putting a gutta-percha cap 
on the central stump. He and lilott also showed that if after 
regeneration the nerve be cut again more periphei-ally degeneration 
occurs only on the ])eriphcral side of the secoml cut. 

The work especially of J. Z. Young and of Abercrombie indicates 
that the following changes occur. 

The outgrowth from the central stumj), which occurs mainly 
from the beginning of the second week after the lesion onwards, 
takes place by an outtlow of the material of the axis-cylinders, so 
that the latter shrink in diameter (Gutmann and Sanders). Each 
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axis-cylinder as it flows out splits up into a large number (up to 50) 
of fine fibrils. Meantime the neurolemma cells of the peripheral 
end have been very active. 

Eamifying chains of Schwann cells grow out from the cut 
surface of the peripheral stump, and are responsible for bridging 
most of the gap between the two stumps ; but they can only reach 
the sprouting axis-cylinder fibrils and Schwann cells of the central 
stump (which by themselves do not grow far) if the gap is not 
too large. Once the regenerating axis-cylinder fibrils meet these 
chains of Schwann cells they grow rapidly and with little deviation 
along their surfaces, and are hence directed into, the peripheral 
stump. In the peripheral stump the regenerating fibrils , extend 
rapidly (the fastest at the rate of about mm. a day) down the 
persistent neurolemma tubes, which are more or less filled with 
proliferated Schwann cells. The regenerating fibrils are thus led 
to the places previously innervated by the nerve. Each neurolennna 
tube receives several of the regenerating fibrils ; there may be 
25 in the larger tubes. 

Functional recovery depends on the re-establishment of correct 
peripheral connections for an adequate number of fibrils. The 
fibres must further return to approximately their correct diameters, 
on which depend their conduction velocities. In crossing the gap 
between central and peripheral stumps the regenerating fibrils - 
inevitably become muddled up, -and whether they both find tubes 
which permit them to expand to their right diameter and reach 
appropriate end-organs depends apparently on chance. The large 
number of fibrils into which an original axis-cylinder splits as it 
regenerates greatly increases the probability that each axis-cylinder 
will eventually establish at least one connection with an appropriate 
end-organ via an appropriate tube. The large number of new-fibrils 
in each tube are later gradually reduced to few or one. Those which 
fail to make any peripheral connection apparently disappear ; and 
some of those which make inappropriate connections may also be 
eliminated. But many inappropriate connections, as well as multiple 
connections of a single axis-cylinder (resulting from the branching 
during regeneration) persist. And since in these circumstances 
relearning seems to be impossible, perfect functional recovery after 
a nerve has been completely divided probably never occurs. If 
a nerve has only been crushed, in' such a way that the neurolemma 
tubes remain intact, muddling of the axis-cylinders cannot occur 
in the injured region; and recovery of function may be complete. ' 

The intrinsic fibres of the central nervous system which have 
no neurolemma seem to have only a small capacity for sprouting 
after injury ; in the adult brain perhaps none at all (Le Gros Clark). 
Further, the absence of Schwann cells and of neurolemma tubes 
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means that even should sprouting occur (as for instance in the 
regeneration of a dorsal root) there' are no pathways to encourage 
and direct the growing axis-cylinders. 

Eegeneration leads to a complete recovery of function on the 
average in from three to twelve months, depending on the length 
of the nerve and provided the muscles have been prevented from 
degenerating hy electrical stimulation and massage. It grows at 
about the rate of 1 mm. per day. Sensation returns hy stages, crude 
sensation returning earlier than finer detailed sensation, hut the 
exact cause of this is still under discussion (see General Sensation). 
Eeviews on the subject have been made (Eossi and Gcstaldi, 1943, 
and Young, 1942). 

Nerve Crossing. 

It has been found possible to attach the centre end of one nerve 
to the peripheral end of another and to secure complete regeneration 
of the peripheral end and its function. This was well shown hy 
the experiments of Kennedy and of Langley. The former cut in 
a dog’s thigh the nerves supplpng the flexor and the extensor 
muscles, and sutured them together crosswise. Eegeneration of 
structure and restoration of function occurred as quickly as when 
the central ends w^ere united to the peripheral ends of their own 
proper nerves. On examining the cortex of the brain in those 
animals in wliich nerve-crossing had been accomplished, it was 
found that stimxilation of the region which in a normal animal gave 
flexion, now gave extension of the limb, and rv'c versa. 

A series of equally important experiments was carried out 
by Langley, in which he showed that the nerves that supply 
involimtary muscle behave in the same way. These nerve-fibres 
will, under certain e.xpcrimcntal conditions, terminate by arborising 
round other nerve-cclls than those with which they normally 
form connections (s^mapses). It will bo snUlcient to give one 
typical experiment. If the vagus nerve is cut acros.s in the neck, its 
peripheral end degenerates downwards; if the cervical sympathetic 
is cut across below the superior cervical ganglion, its peripheral end 
degenerates upwards, as far as the ganglion. If subsequently the 
central end of the cut vagus is united to the ])eripheral end of the 
cut sympathetic, in the course of .some weeks tlie vagus fibres grow 
into the sympathetic and form synapses round the cells of the 
superior cervical ganglion, and stimulation of the united nerve now- 
produces such efi’ects as are usually obhained when the cervical 
sympathetic is irritated ; for instance, dilatation of the pupil, raising 
of the upper eyelid, and constriction of blood-vessels of the head and 
neck (fig. 34). 

Such experiments as these are important beeauso they show that 
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bliougli the action of nerves may be so different in different instances 
(some being motor, some inhibitory, some secretory, some sensory, 
etc.), what occurs in the nerve trunk itself is always the same ; the 
difference of action is due to difference either in the origin or dis- 
tribution of the nerve-fibres. The familiar illustration in which 
nerve trunks are compared to telegraph wires, is a helpful one. The 
destination of a certain group of telegraph wires may be altered, 
and the alteration may produce different consequences at different 
places; the electric change in the wires would, however, be the 
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Flo. 34. — Diagram to illustrate Langley's experiment on vagus and cervical sympathetic nerves. In 
A, the two nerves are shown intact ; the direction of the impulses they normally carry is shown by 
arrows, and the names of some of the parts they supply are mentioned. In B, both nerves are cut 
through. The degenerated portions are represented by discontinuous lines. In 0, the union 
described in the text has been accomplished, and stimulation at the point a’ now produces the same 
results as were in the intact nerves (A) produced by stimulation at a. 


same throughout. So the nerve impulse is always the same sort 
of molecular disturbance ; if it is made, as in the experiment just 
described, to go by a wrong channel, it produces just the same results as 
though the impulse had reached its destination by the usual channel. 

Effects of Stimulation. — Excitability and conductivity are 
appreciably influenced by stimulation, and Waller, who first made 
the suggestion, considered the effect to be due to the small amount 
of CO2 produced. Until O'OIS of a second after stimulation the 
excitability of the nerve is decreased; indeed, for O'OOS sec. it will 
not respond at all (absolute refractory period). The excitability 
returns to normal or slightly above, but later there is a period 
of subnormal responsitivity corresponding to the period of positive 
after-potential. This period, is held by Gasser to explain the 
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phenomenon of inhibition and to be fundamental to the normal 
activity of the nervous system. 

These facts in relation to excitability ’ give us an idea of the 
maximum number of impulses which can pass along a nerve 
in a given time. 

The relative absence of fatigue in a nerve, as in the heart, is 
probably due to the fact that it is not acting continuously but 
intermittently, and during the resting period, although this is 
extremely short, it is able to recover. It is interesting to note 
that, as would be expected from the large heat production, crab 
nerve is fatigued comparatively quickly (Hill). An experiment to 
demonstrate the relative un fatigability of nerve is given on p. 71. 

This is not to say that other nerves are absolutely unfatigable. 
After prolonged stimulation a diminished irritability, reduced current 
of action, and increased refractory phase is obtainable, but in spite 
of these changes a nerve will still continue to conduct. It is as 
if there was some form of adaptation to fatigue. 


The Nature of the Nerve Impulse. 

When a nerve is stimulated the change produced in it is known 
as the nervous impulse: this excitatory process travels along the 
nerve and the propagation of the change is evident from the cfTect 
wliich follows, c.g. sensation, secretion, movement, but the nature of 
the change produced in or on the nerve itself is, like the intimate 
nature of muscle contraction, unknown. 

It is, however, clear that, while there may be several superficial 
resemblances, a nerve is not merely a conductor of impulses, as 
a wire is of an electric current. The most important fact which 
makes a simple physical view diflicult is that conduction in a 
nerve apparently depends on some vital activity, as it is abolished 
by anesthetics. Moreover, the velocity of the nerve impulse, 
which is much less than that of an electric current, is iniluenced 
by change of temperature much more than a ]niroly physical process 
would be (Maxwell, Keith Lucas). 

It is important to emphasise that whatever the nature of the 
nerve impulse, the impulse is self-propagating, somowliat like the 
combustion in a train of gunpowder wlien ignited, although admittedly 
this convenient analogy is a very crude and erroneous one. Adrian 
has shown that if the conductivity of a nerve be locally damped down 
by placing a segment in a chamber of alcohol vapour, the impulse as 
soon as it reaches an undamped region Hares up to its original 
strength as judged by its effect on the attached muscle or the 
extent of the electrical change sot up (see below). It was originally 
thought that there was a gradual fading out of the impulse (conduction 
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with decrement) in the chamber, hut it has now been shown that 
the damping is more abrupt (Kato, Davis, Forbes). Nerve conduction 
is abolished by freezing, by GOg and anaesthetic vapours, and by 
the passage of a constant current which presumably acts by setting 
up a movement of ions in a given direction. 

It may also be blocked temporarily by gentle compression. 
This occurs sometimes as a result of tumours. In this connection, 
too, it is interesting to note that in a mixed nerve, motor fibres 
are more easily blocked than sensory. The fibres carrying pressure, 
cold, heat, and pain are blocked in that order. Chemical agents block 
in the reverse order. No doubt this is a matter of the different sizes 
of fibres. 

The Changes which occur in Nerve during Activity;— These 
are electrical, chemical, and thermal, as in muscle. • 

The Electrical Change . — The current of action • of nerve like 
that of muscle may be demonstrated by means of non-polarisable 
electrodes and a string galvanometer or cathode ray oscillograph, 
after amplification by means of thermionic valves. Although at 
first simply a curiosity this change of electrical potential has been 
shown to be of more interest than at first thought. It is propagated . 
at the same rate as the impulse, it is present in every nerve that 
conducts and is depressed by all agents which depress conduction. 
Its> size may be taken to represent strictly the size of the impulse ; 
indeed, so closely related is the change of potential to the impulse 
that there are many who believe that the former is indeed the nerve 
impulse itself. (See “The Nature of the Nerve Impulse.”) Our 
knowledge of this subject we owe largely to the studies of Erlanger 
of St Louis, U.S.A., and G-asser of the Eockefeller Institute, who 
‘have shown that it gives rise to a wave which has a characteristic 
and immutable shape. 

If one electrode is placed on the nerve and the other earthed and 
the nerve stimulated by applying to it a hot wire, to avoid electrical 
complication, an initial abrupt and large negative wave, which 
may be as much as from 25 to 50 millivolts, is recorded.' This 
is known as the spike. It not- only falls off rapidly but is followed 
by waves of negative and positive after potential. Its general 
form is not unlike that already figured for the current of action 
of muscle -but the spike is sharper and larger (see fig. 22). 

While it is clear that conduction of an impulse depends on the 
state of a vital structure, the nerve, there is increasing, evidence that 
the impulse is itself a physical process. 

Lilhe has made an interesting model which in many ways imitates 
the conduction of a nerve impulse. If a piece of iron wire is placed 
in a solution of nitric acid with a -specific gravity over 1-2, a thin 
film of oxide is formed on its surface which protects it. If now 
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the wire is “ stimulated ” at one end by the usual means, it 
becomes black at that place and effervesces for a short period. 
The activation propagates itself to the other end like a nerve 
impulse and the wire cannot be activated again for a given space 
of time, i.e. it has a refractory period and gives all the phenomena 
which are found in nerve, except of course its vital reaction, 
e.g. to drugs. A constant current has the same effect as on a 
nerve. If a circle of wire of sufficient length is used, the wire 
goes into a continuous cyclic disturbance which is most fascinating. 

Lillie’s experiment has given rise to a number of theories as 
. to the nature of the impulse of which by far the most important is 
the view that it is a change of potential due to depolarisation which 
passes down the surface of the axis-cylinder. If, for example, 
the surface of the nerve-fibre at rest' consisted of a monomolecular 
film of fatty acid and was positively charged while its interior 
... was maintained negative by the oxidation processes going on — a 
state commonly found in living things — it would be conceivable 
that any physical disturbance of the surface, such as that brought 
about by stimulation, would bring about a depolarisation or equalisa- 
tion of potential between the surface and the interior which would 
spread to the adjacent polarised region. An alternative view is 
that the current of action, once set up, acts as a stimulus to adjacent 
parts after the manner of a train of gunpowder. 

The subject is a fascinating one and its importance is obvious 
although a true explanation is not yet available. It will be seen 
that any of the physical hypotheses include the self-propagating 
nature of the impulse. 

Chemical Changes . — The idea that there was definite metabolism 
in nerve was first advanced by "Waller, and all subsequent work has 
confirmed his suggestion. Indeed it has been shown that resting 
nerve, if placed in suitable solutions, utilises carbohydrate and fat, 
while the giving off of ammonia indicates protein metabolism also. 
It has been shown that small amounts of carbon dioxide are 
produced and that for continued activity oxygen is necessary. lake 
muscle, nerve can function for a time in the absence of oxygen, 
and although, for nerve, this period is considerable it is not 
unlimited. If the nerve be frequently stimulated in an atmosphere 
of COo or an inert gas, it ceases to conduct; but it recovers with 
extreme rapidity when again exposed to oxygon or air. During 
the inactive period not only the physiological response, e.g. the 
contraction of muscle, disajipcars, but also tho electrical change. 
Both, however, return wnth the return of tho other signs of activity. 
Amesthetics, which dissolve in tho lipidcs, of which the nerve is 
largely composed, appear to act by stopping oxidative processes. 

• Thermal Changes . — It is only recently that it has been possible 
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" to demonstrate the srnall amount of heat produced hy nerve ; its 
presence had been assumed because of the chemical -changes. 
A, V. Hill succeeded in doing this, using a thermopile with 300 
constantan (an alloy of copper and nickel) and silver .junctions 
which is capable of recording changes of less than a millionth of 
a degree of temperature. The effect is intensified by placing a 
bundle of nerves on the thermopile and utilising an extremely 
delicate galvanometer system. He found evidence of heat produc- 
tion, not only during the conduction of the impulse but also dui’ing 
the recovery period, as in muscle. The heat production in some 
of the nerves of crabs has been found to be relatively large. 

The Humoral Transmission of the Nerve Impulse. 

The evidence is now very complete that nerves do not act on 
tissues directly, but tln-ough the agency of chemical mediators, 
especially acetyl-choline. 

The chemical nature of this substance and its general activity 
is given in a separate section (see Acetyl- choline). 

The first suggestion of the occurrence of such humoral trans-. 
mission came from Loewi, who found that, when the heart is slowed 
by stimulation of the vagus, a chemical substance is produced which 
will slow another heart. This is found to be due to the liberation 
of acetyl-choline, a substance long known to slow the heart and 
to dilate blood-vessels. Its chemistry is discussed in a separate 
section. The exact conditions under which the fluid leaving a slowed 
frog’s heart perfused with saline caii be caused to slow a second 
heart have been worked out by Bain, who has shown that the exact 
hydrogen-ion concentration of the perfusion fluid is very important, 
otherndse the acetyl-choline is destroyed. The action of the acetyl- 
choline is prevented by the drug atropine, but it can be shown that 
it is still produced, for if the atropine is painted on the first heart 
only the second heart still slows when the nerve to the first is 
stimulated, although the first does not. The drug eserine (physo- 
stigmine), on the other hand, prevents the destruction of the 
acetyl-choline and prolongs its action. This action of eserine in 
assisting the action of choline had been discovered by Thomas 
Braser many years before in his studies of drugs in pursuit of 
pure knowledge, but at the time it seemed of no importance. ^ 

"Vasodilatation by nerves has also been shown to be similarly 
produced. Lewis has put forward evidence that the blisters of 
herpes (shingles), a condition due to inflammation of the posterior 
root ganglia, are caused by the production of a histamine-like, 
“H” substance in the skin (see Capillaries) ; while Dale and 
Caddum have recently found that the vasodilatation produced by 

c 
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stimulation of vasodilator nerves is due to acetyl-choline, and they 
explain the absence of action of atropine in such vasodOatation by 
the suggestion that the atropine cannot reach the acetyl-choline 
before it stimulates the muscle. 

It has since been shown by Dale and his co-workers (Brown 
and Feldberg, 1935) that acetyl-choline is produced at the nerve- 
endings of the ordinary somatic nerves, but hitherto its very rapid 
destruction in the blood caused it to escape notice. Attention was 
drawn to the possibihty of its importance in relation to somatic 
nerves by the treatment of the disease myasthenia gravis with 



Fio. 85.— Motor cnd-platcs ; chloride of gold preparation to show the aiis-eyllnd'Ts and 
their final ramifications of Ubrill.T. x 170. (Siymonowicz.) 

prostigmine* (Walker). Patients suffering from tliis fatal disease 
may be too weak to feed themselves, but the injection of prostigmine 
renders them almost normal for a few hours. Dale with his 
colleagues showed tliat the injection of acotjd-cliolino into the blood- 
vessel supplying a muscle causes it to twitch just like the stimulation 
of its nerves. In order to produce this result, however, the circulation 
must be arrested temporarily and the injection made at close range. 
Also eserine, which prevents the destruction of acot)'l-cholino, greatly 
enhances the response to a single motor nerve volley, while the drug 
has no such effect on the response of denorvated muscle to direct 
stimulation. 

Evidence points to the acetyl-choline being liberated in the 

* Prostigmine is a substance like eserine. The effects of acetyl-choline 
generally are augmented by minute doses of adrenaline. 
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region of the motor nerve-endings or plates which have a peculiar 
structure. 

The nerve-fihre branches two or three times, and each branch 
goes to a muscle -fibre. Here the neurolenuna becomes continuous 
with the sarcolemma, the medullary sheath stops short, and the axis 
cylinder breaks up into terminal ramifications. 

It now seems likely that many of the phenomena which we have 
noted in relation to muscle are explicable as due to the accumulation 
of acetyl-choline at the nerve-endings, especially the effects of 
summation and the genesis of tetanus. 

Some sympathetic nerves have also been shown to liberate a 
chemical substance sympathin, which has an action almost identical 
with that of adrenaline and the opposite action to acetyl-choline. 

Finkleman demonstrated that when a piece of intestine con- 
tracting rhythmically in a trickle of oxygenated saline is inhibited 
by stimulating its attached splanchnic nerve, there passes into 
the saline a chemical substance like adrenaline, which inhibits the 
movements of another piece of intestine. Later on. Cannon brought 
forward evidence to show tliat, when blood-vessels are caused to 
constrict by nerves, a similar substance is produced which acts like 
adrenaline on the heart. 

Humoral transmission may also occur within the nervous system 
itself, for if fluid is passed through the superior cervical ganglion 
and the sympathetic stimulated, acetyl-choline is released into the 
perfusion fluid. It has long been known that sympathetic ganglia 
were particularly rich in choline. Potassium is also released, but 
the significance of the fact is not yet understood and the whole 
subject is much debated (see Eccles). The release probably takes 
place at synapses. These are discussed in a separate section later. 


Velocity of a Nerve Impulse. 

The velocity of a nerve impulse may be measured, in motor 
nerves, by the method first used by Helmholtz: a muscle-nerve 
preparation is made with as long a nerve as possible; the nerve 
is stimulated, first as near to the muscle and then as far from 
the muscle, as possible. The moment of stimulation and the 
moment of commencing contraction are recorded by muscle-tracings 
on a rapidly moving surface provided with a time-tracing. When 
the nerve is stimulated at a distance from the muscle, the contrac- 
tion begins later than it does after the first stimulation, and the 
difference between the -two is the time occupied in ' the passage of 
the impulse along the intervening piece of nerve, the length of 
which is known. 

The most accurate method is that of Bernstein, in which the 
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electrical change is the indication of the impulse. A stimulus is 
applied to one end of a long nerve, and the change in the electrical 
condition of the nerve is recorded by a galvanometer connected to 
the other end of the nerve. The time between the application of 
the stimulus and the galvanometric reply is measured. 

In the frog, for instance, at ordinary room- temperature the velocity 
averages 27 metres per second. In warm-blooded animals it is 
90-120 metres per second. 

By using the cathode-ray oscillogi-aph, Erlanger, Gasser and their 
co-workers have been able to study diflerent fibres of nerves in 
more detail. Three groups have been differentiated in the frog. 

Group A fibres have velocities of 30-90 metres per second. 
They carry impulses to and from the muscles, impulses from the 
skin, sensations of touch and temperature, and impulses of the 
para-sympathetic. 

Group B have slower rates, 10-20 metres per second. They are 
sympathetic and convey impulses to tho blood-vessels and glands. 

Group G have still slower rates, 0‘3-1'G metres per second. These 
are concerned probably with crude sensations. Rain im])ulses are 
apparently carried by all fibres. 

Tiiis has been discovered by stimulating a long nerve and 
finding that the impulses set up reach a point some distance away 
at different times (Gasser, Erlanger and Bishop). 

Histological investigations show that the rates of conduction 
are proportional to the size of the fibres, the larger fibres conducting 
more rapidly than tho smaller. 

Afferent impulses, as measured by Gasser, travel at about a 
third of the rate of efferent impulses in the same refle.v arc. 

Direction of a Nerve Impulse. 

Herve impulses are normally conducted in only one direction : in 
efferent nerves from, in afferent nerves to, the nerve-centres. But 
experiments indicate that conduction may under certain conditions 
take place in both directions. Thus, in the galvanometer experiment 
just described, if the nerve is stimulated in tho middle instead of 
at one end, the electrical change (the evidence of an impulse) is 
found to be conducted towards both ends of tho nerve. 

A nerve impulse can, however, only pass in one direction across 
a synapse, that is only from axon to dendron. How this may be 
brought about is a matter of debate. It is'^possiblo that a chemical 
mediation is liberated at the endings of the axons Avhich in many 
instances are button-like. The subject is discussed later in relation 
to the functions of the synapse. 

The Effect of Electric Currents on Excitability and Con- 
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ductivity. — These effects are of some interest as they may throw a 
light on the problem of the nature of the nerve impulse. 

If a constant current at about 2 volts is passed through a 
nerve and the excitability of the nerve tested by placing a pair of 
stimulating electrodes close to the positive (the anode) and to the 
negative (the kathode) wires, it is found that in the region of the 
anode the nerve is unexcitable, while in that of the kathode it is 
hyperexcitable. These conditions are known as anelectrotomis and 
Icatclcctrotoiius respectively. If then a constant current is passed 
through a nerve the nerve ceases to conduct (Bernstein) because of 
-the area of anelectrotonus at the anode. Use is commonly made of 
this fact in physiological experiments as such a nerve-block is 
equivalent to nerve section with the advantage that it is only 
temporary. 

Tills effect on a nerve must not be confused with the momentary 
stimulation of a nerve which may occur the moment the circuit is 
made or broken. At the make the stimulating electrode is the 
kathode, but at the break the stimulating electrode is the anode, 
facts of some importance in relation to reaction of degeneration (see 
below) in wliich the excitability is altered. 

Reaction of Degeneration. — When the nerve to a muscle 
becomes injured or impaii-ed the excitability of' the muscle is for a 
short period increased but later exhibits certain -changes wliich 
appear to indicate a reduced excitability. 

When the nutrition of the nerves is impaired, much stronger 
currents of both the induced and constant kinds are necessary to 
evoke muscular contractions than in the normal state. When the 
nerves are completely degenerated (when, for instance, they are cut 
off from the spinal cord, or when the cells in the cord from which 
they originate are themselves degenerated, as in infantile paralysis) 
no muscular- contraction can be obtained on stimulating the nerves 
even with the strongest currents. 

When the motor nerve is degenerated and will not respond to 
any form of electrical stimulation, the muscle also loses all its power 
of response to currents of very short duration such as those produced 
by an induction coil. The nerve-degeneration is accompanied by 
changes in the nutrition of the muscle-fibres, as is evidenced by 
their rapid wasting, and their failure also to respond to rapid 
induced currents. A weaker constant current, however, sthriidates 
the muscle more than in the normal state, because the muscle-fibres 
themselves are in a state of irritable weakness, but the contraction 
is propagated, more slowly than when the nerve-fibres are intact. 
There is, moreover, a qualitative as well as a quantitative change. 
In health the first 'contraction to occur on gradually increasing the 
strength of the current is at the negative pole, when the circuit is 
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closed (Pfliiger’s law), and a stronger current is required before 
closure-contraction occurs at the positive pole. But in the morbid' 
state we are discussing, closure-contraction may occur at the positive 
pole more readily than at the negative pole, i.e., A.C.C. is greater 
than KC.C.* .. 

The reaction of degeneration is of considerable importance in 
medical and surgical diagnosis as it is a convenient objective method 
of demonstrating whether or not the nerve supply to a muscle is 
intact. The sluggish reaction to a constant current is specially 
characteristic of degeneration which does not appear for some time 
after voluntary movement is lost. These changes are developed 
after a week or ten days, but after a longer period of months the 
muscles lose their power of contracting altogether. Gradually the 
muscles themselves degenerate and waste away. 

Fatigue. 

If the muscle of a nerve-muscle preparation be stimulated 
frequently, the muscular contractions become more prolonged, 
smaller in extent, and finally cease altogether. Tins can be demon- 
strated by making the muscle wi-ite a curve with every revolution 
of a recording, cylinder, imtil it ceases to contract altogether 
owing to fatigue. At first the contractions improve, each being a 
little liigher than the preceding; tliis is due to the beneficial ej/cct 
of contraction. Then the contractions get less and less. But what 
is most noticeable is that the curves are much more prolonged : the 
latent period is longer, the period of contraction longer, and the 
period of relaxation very much longer. This condition is known 
as contrachirc, and the original base-linC' may not bo reached by 
the time the next stimulus ai-rives. In the last stages of fatigue, 
contracture passes off. Contracture is often absent in fatigue of 
mammalian muscle. 

Fatigue of muscle stimulated directly is due to the consumption 
of the substances available for the supply of energy in the muscle, 
hut more particularly to the accumulation of waste products of con- 
' traction; of these sarcolactic acid is the most important. Fatigue 
may be artificially induced in a muscle by supplying it with a weak 
solution of lactic acid, and may then bo removed by washing out 
the muscle with salt solution containing a minute trace of alkali. 
If the muscle is in the body, the blood-stream washes away part of 
the accumulation of acid products; the remainder is oxitlised or 
resynthesised and fatigue passes off. 

'\^^ien a nerve-muscle preparation has been fatigued by stimula- 
tion through the nerve it is found that the muscle will still contract 

A.C.C. = Anodal closing contraction. K.C.C. = Kathodal closing contraction. 
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if stimulated directly, and this raises the question whether the nerve or 
the nerve-ending is the seat of the fatigue. That the nerve is not 
fatigued may be shown by the following experiment. A temporary 
block is applied to the nerve between the point of stimulation and 
the muscle. For blocking a piece of ice or a galvanic current 
(see p. 63) may be used. The nerve is now stimulated for a 
period much longer than that which would be necessary to cause 
fatigue if contraction were occurring. During such a period the 
nerve, if fatigable, must have become fatigued, but it is found that 
immediately the block is removed the nerve conducts quite normally. 

From the above experiments it has been concluded that, since 
neither the nerve nor the muscle have been fatigued, the seat of 
fatigue must be in the region of the nerve-endings, and possibly 
due to an exhaustion of a humoral transmitter or its precursor. There 
are still many facts regarding fatigue which are not understood, 
but the simple fact remains that the muscle can be excited by 
stimuli such as are produced by an ordinary induction coil. We 
are thus reminded that the impulse which passes down a nerve 
may, for reasons indicated on p. 62, bear no relation to the strength 
of the stimulus applied to the nerve. 

The action of curari, the South American arrow poison, is now 
believed to be due to similar change in the excitability of the muscles 
so that they cannot be stimulated through their motor nerves. 
When the muscles of respiration become affected and cease to act 
death occurs. 


Fatigue of Voluntary Movement. 

The foregoing suggests that local poisoning is responsible for 
fatigue, and in support of this, Mosso showed that the blood of a 
fatigued animal caused fatigue if injected into the blood of another. . 

It has, however, been shown that if the circulation to a part is 
cut off the liability to fatigue is not so great as would be expected 
(Beid). Other factors must be considered. 

By the use of the ergograph (Mosso, Waller), it has .been shown 
that the state of the brain and central nervous system generally is 
an important-factor in fatigue. 

One of the most striking of Mosso’s experiments illustrates in a 
very forcible manner the fact that the central nervous system is 
more easily fatigued than muscle. A person goes on. lifting a weight 
as shown in tig. 36 a until, under the influence of the will, he is 
unable to raise it any more. If then, without waiting for fatigue 
to pass off, the nerves going to the finger muscles are stimulated 
artificially by induction shocks, .the muscles once more enter into 
vigorous contraction. 

It may be that the “ fatigue ” which occurs in central synapses 
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is a result of the formation of fatigue products locally or the 
exhaustion of central cells. This has been supported by the finding 
that in fatigue the hlissl granules of the nerve-cells wliich usually 
stain well with methylene blue, are absent or are represented by 
a diffuse blue haze (clnomatolysis). It has, however, been suggested 
(Eeid) that something of the nature of a central inhibition results 
from impulses which pass up from the active muscles themselves. 
It appears that noimally we are capable of using only a certain pro- 
portion of the muscle-fibres at one time, because inhibitory impulses 



Fio. 86a — A simple orgoprrapli. The sulijcct pulls u-itli Ills finger at a rate set by a ir.etrnriora«>. The 
work done ma)- be calculated from the record on the liruiii or by the hcicht to which th»’wcUht 
(VT) is raised (see next figure). Two bicycle free-wheel racchatilsms make nilust ratchets. 

« 

are set up by the pressure on the sensory nerve-endings, tlie spindles 
of the muscles, and pass into the central nervous system (Denny 
Brown). The excessive strength wliich can be exercised by a 
madman or individual under severe stress may in part be due to* his 
bringing into use more fibres than can bo used normally. This 
lengthening reflex whicli presumably prevents muscles front being 
torn from the bones can be demonstrated in a cat whose ccrebruin 
has been removed (see Decerebrate Eigidity). 

The Sensation of Pain in Muscle. — The pain whicli results 
when a muscle is exercised, especially if its blood supply is defective, 
has been specially studied by Lewis because it throws light on the 
very intense pain which occurs when the arteries to the heart are 
occluded. This pain is one of the most severe known to man. 
It has been found that the intensity and duration of pain, when 
produced in the arm of man, are increased if the blood supplv is 
occluded by a sphygmomanoinctov cull'. It is therefore suggested 
that a chemical substance is produced (Pain Substance) which 





74 


PHYSIOLOGY OF NERVE 


[CH. VIII. 


stimulates the sensory nerve-endings. It may be lactic acid which, 
as we have seen, is at least partly responsible for local fatigue. 
The subject is discussed later in regard to that of Sensation. 

Rest Pauses. — It may be shown on an isolated muscle or by 
means of the ergograph that it is not econoihical to fatigue a muscle 
to its limit and that to get the maximum worlc out of it in a 
given time there should be rest pauses. The pauses should, as far 
as possible, be eveflly distributed. 

A good example is. quoted by Myers. If in an ergograph 
experiment the finger makes 30 contractions in 60 seconds with a 
certain load, two hours’ rest is necessary for complete recovery. If, 
on the other hand, tlie finger makes 15 contractions in 30 seconds 
-with the same load a rest of only half an hour is necessary. Hence 
in a two-hour period of work the second arrangement would give 
double the output of work. 

These facts which were extensively studied in munition works 
especially by Vernon from 1914 to 1918 have a wide application to 
work generally, as they not only give more leisure to the worker but 
increase the quantity and quality of tlio work done. Experiments on 
the learning of poetry by students, and on rats learning to get out of 
a maze, suggest that it is probable that tlie necessity for rest pauses 
applies to mental work also. 

General Fatlgnie- 

In addition to the fatigue described a])ovo there is a fatigue 
which depends on more general states suc-h as the total amount of 
energy in the body. It is j)ossiblo, too, that fatigue products may 
circulate in the blood, for we liavc seen that local fatigue is the 
result in part of the accumulation of such products which arc 
normally washed aw’ay in the blood stream. Wo know, too, that 
in exercise lactic acid passes into the blood stream and is excreted 
in the urine as lactate. Workers on the subject of industrial fatigue 
have shown that a great deal can bo done to eliminate this by the 
avoidance of all unnecessary movements, liy reducing the total 
amount of muscle used, c.g. by not using the largo muscles of the 
trunk and legs and by making continued smooth movements instead 
of a series of new movements which waste energy in overcoming 
inertia and viscosity. 

Many mental factors also tend to afTect fatigue, notably incentive, 
boredom and general conditions of work, especially the temperature 
and humidity of the air. Most are familiar with the bracing etTects 
of dry, cool air and the enervating action of a hot, moist atmos})horo. - 

The factor which is really important is the cooling jmwor of 
the air which is determined by the kata-lhcrmomctor introduced 
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by Leonard Hill. This is essentially an alcohol thermometer. It 
is heated to 100° F. and the observer takes the time, for it to 
fall to 95°. It may be used like a wet-bulb thermometer by covering 
it with a wet cloth. The cooling power of the air depends on its 
temperature, humidity, and movement. A gentle breeze of 100 feet 
per minute with a temperature of 72° L. will cool as much as a 
temperature of 60° will if there is no air movement. Hence the 
power of draughts in producing dulling of the body, and the benefit 
of fans. The optimum working temperature, as judged by the 
accident incidence in factories, appears to be from 60° to,65° I'. 
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THE AUTONOMIC NERVOUS SYSTEM 

Students unfamiliar with elementary anatomy should read the 
' section on the spinal cord before reading this chapter. 

It must be clearly understood that the autonomic nervous 
system is part of the general nervous system with which it works 
in close harmony. It is described separately, partly for purposes of 
convenience and partly because it controls certain automatic bodily 
activities, e.g. the circulation and digestion, over which we have no 
volimtary control, which it is common to describe before the nervous 
system as a whole. Anatomically the system is peculiar in that the 
neurones of which it is composed have synaptic junctions in ganglia 
outside the central nervous system. 

The elucidation of the autonomic nervous system we owe to 

Gaskell (1915) who first realised its general plan, and to Langley 

who, also in Cambridge, worked out a largo amount of its detail. 

Also certain of its activities may he imitated by the injection of 

certain drugs, or may be paralysed by them in a way not possible 

with the rest of the nervous svstem. 

%> 

The autonomic nervous system is divided into at least two parts 
' which are anatomically, pharmacologically, and physiologically more 
or less distinct. This distinction is convenient, but it must be 
understood that there is no real distinction in regard to function. 

1. The sympathetic which arises from the first thoracic to the 
third lumbar anterior nerve-roots of the spinal cord. 

2. The parasympathetic arises in connection with certain 
cranial nerves, the tlioracic nerves,'^ and second, third, and fourth 
sacral anterior roots of the sj>inal cord. 

In addition some authors {c.g. l.angloy, Gaskell) distinguish the 
enteric system which consists of ganglia and ])1on'uscs in tho wall 
of the intestine, but these arc intimately associated with the 
sympathetic and parasympathetic, particularly tho latter. 

{A) The Sympathetic System. It must be understood that 
little more than tho origin of this system has so far been 
established. There is much evidence that the controlling fibres 
pass down from the brain, probably from the hypothalamic region. 
In the spinal cord they have been found passing down in tho lateral 
columns. From their origin in the lateral horn of tho s}nnal cord 
the axons leave by \vay of tho anterior roots of tho spinal nerves 
from the first thoracic to tho thii’d lumbar segments inclusive. 
The axons separate from tho mixed nerves as tho white rami 

■" Prior to inclusion of these nerves in the paras^’mpathetic, this group was 
known as the crnnlo-sacral autonomic. 

16 
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communicantes and join a chain of ganglia, or collections of 
nerve-cells, the lateral chain’ situated on each side of the vertebral 
column. These ganglia correspond roughly to the spinal segments 
from the coccygeal, or lowest, ganglion upwards, and are joined 
together by connecting fibres. In the upper part, however, the 
ganglia corresponding to the upper four thoracic roots are fused- 
to form the large stellate ganglion and the upper four cervical 
are fused to form the superior cervical ganglion. In man, the 
lower cervical ganglia form the middle and inferior cervical ganglia, 
but in many animals, e.g, the cat and dog, the latter is fused with 
the stellate. 

From the ganglionic chain fibres are distributed in two main 
directions (see fig. 39). 

1. To the collateral or prevertehral ganglia. These are the ccehac 
from which the coaliac plexus takes origin, the superior mesenteric, , 
and the inferior mesenteric from which the hypogastric nerves arise. 
From these outlying ganglia fibres pass to the terminal gangha and 
nerve plexuses in connection with thoracic, abdominal, and pelvic 
viscera. 

2. To the spinal nerves.- These are known as the grey rami 
because of their colour. They pass with the spinal nerves to 
structures such as blood-vessels, muscles of the hairs, and sweat 
glands. It will be noticed that, although the white rami arise only 
from certain spinal roots, the grey rami return to each of the spinal 
nerves from the nearest ganglion of the lateral chain. 

The impulses that pass to the involuntary musculature of the 
body arise in the central nervous system, and travel to the ganglia 
of the autonomic system by means of fine meduUated nerve-fibres ; 
the diameter of these fibres varies from 1'8 to 3‘6 the fibres 
therefore contrast with' the motor fibres wliich pass to voluntary 
muscles, the diameter of these being 14 to 19 p (see fig. 35, p. 66). 
There is a further contrast between them: the motor fibres to 
voluntary muscles pass uninterruptedly from the central nervous 
system until they terminate in the end-plates of the muscles. The 
autonomic fibres, on the other hand, terminate by arborising round 
cells in one or other of the autonomic ganglia, and from the ganglion 
cells a fresh relay of nerve-fibres carries on the impulse to the 
involuntary muscles. There is thus an extra cell-station or synaptic 
junction altogether outside the central nervous system. The auto- 
nomic path, in other words, consists of two neurones : one from the 
central nervous system to the ganglion, and a second from the ganglion 
to the peripheral tissue. The first axon is termed .the pre-ganglionic 
fibre ; the second, the post-ganglionic fibre. The pre-ganglionic fibres 
are medullated ones, and the post-ganglionic fibres are usually 
non-medullated, but there are exceptions to this rule. 
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Fia. 37. — Diagram of the autonomic path in the npinal region. All, anterior cornual cell giving 
rise to a large motor ncrve-fihro which la distribute'! to volunt-ary mujcl*'. DH, a small 
cell of the intermedio-latcral tract giving rise to a small mednlLated nerve-fibre which Iraves 
the cord by an anterior root, and Ic-avcs the anterior root by the white ramus: it terminates 
by arborising round cells in a ganglion of the sympathetic chain. From these cells fresh 
non-medullatM aions continue the impulse, and return to the spin.al nerve by the grey ramus, 
being finally distributed to involuntary muscle-fibres. To complete the diagram, "a posterior 
root-fibre is also shown with its parent cell in a spinal ganglion. Fost-ganglf-mic fibres arising 
in the lateral ganglion and passing to outlying ganglia or organs arc not .shown. 
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The general arrangement of such nerves is represented in fig. 37. 

The cell-station of any particular pre-ganglionic fibre is not 
necessarily situated in the first ganglion to which it passes ; the 
fibres of the white ramus communicans of the second thoracic nerve, 
for instance, do not all have their cell-stations in the second thoracic 
ganglion, but may pass upwards or downwards in the chain to a 
more or less distant ganglion before they terminate by arborising 
round its cells. It therefore follows that fibres that leave any 
given spinal nerve by its wliite ramus do not necessarily return as 
post-ganglionic fibres by the grey ramus to the same spinal nerve, 
although, for the sake of simplifying the diagram, they are repre- 
sented as doing so in fig.' 37. 

Furthermore, there are many fibres of the wliite rami which 
enter the lateral chain of ganglia and pass through it without com- 
municating with its cells at all, and never return to the spinal 
nerves by grey rami. They pass out of the lateral chain to either 
collateral or even terminal ganglia before reaching their cell-stations, 
whence the post-ganglionic fibres emerge. This is the case for the 
sympathetic supply of the blood-vessels and involuntary muscle 
fibres of the thoracic, abdominal, and pelvic viscera, and is there- 
fore true for such important nerves as the cardiac accelerators and 
the splanchnics. 

Fig. 38 shows the course of the splanchnic fibres, and wiU help 
the student to grasp this method of distribution. 

The great majority are arranged as in A, that is to say, they have 
their cell-stations in the solar [cceliac] ganglion. Comparatively few 
are arranged as in B, where some fibres do not reach their cell-stations 
until they arrive at the terminal ganglion situated in the walls of the 
viscus (for instance, the pancreas) to which they are distributed. A 
few possibly are arranged as in C, with a cell-station for some of 
their branches in the lateral syinpathetic chain. 

It will be noticed that if any post-ganghonic fibre is traced back- 
wards, there is one..and only one cell-station between the central 
nervous system and the ultimate distribution of the nerve-fibres. 

Elucidation of these facts we owe largely to the use of the 
nicotine method originally introduced by Langley and Dickinson, 
and employed later by Langley mainly in conjunction with H. IC. 
Anderson. 

Nicotine in ‘small doses paralyses nerve-cells, but not nerve-fibres.. 
It is still a matter of rmcertainty whether the drug produces these, 
effects on the nerve-cells themselves or on the terminal arborisations 
(synapses) of the fibres that surround them, or on receptive substances 
either in the cells or present at the synaptic junctions. But which- 
ever of these views is correct, the main result is the same : a nervous 
impulse which reaches a ganglion by a pre-ganglionic fibre cannot 
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Fio. S9. — Diapram of the Autonomic Nervous ^-stem, showinp Us oripin frtmi the Central Nervous 
System. The small arrows from the paiiglionic chain indicate branches to limbs, tranks, etc. 
Spimal parasjTnpathetic libres are not shown. OM, oculo motor; AT, auriculo temporal; CT, 
chorda tympani; SCG, sup. cervical ganglion; ICO, inf. cervic. ganc. ; CP, ctcliae plea.; SN, 
splanchnic nerves; 6M, sup. mesenteric plex.; AT, aortic plei.; IM'y, inf. m.esenteric plei. : IIN, 
hyjKjgastric nerve ; By, hypog.astric plex.; TV, lerlvic nerve ; SL, cceliac g;ingliore 
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get across to the corresponding post-ganglionic fibres if the ganglion 
is painted with nicotine. Stimulation of the anterior nerve-roots, 
or of the wliite rami no longer produces movements of the 
involuntary muscle tissues, because the paralysed cell-stations act 
as blocks to the propagation of the impulses. If, however, post- 
ganglionic fibres are stimulated, the usual effects (for instance, 
constriction of blood-vessels, erection of the hairs, etc.) take place. 
The nicotine may be injected into the circulation or it may be 
painted over one or more ganglia : the latter causes a block only in 
those fibres which have their cell-stations in the particular ganglia. 
By patiently examining in this way all the ganglia in turn, stimulating 
the fibres that enter each and those that leave it, Langley and his 
colleagues, after years of work, were successful in localising the 
cell-stations on most of the autonomic paths in the body. 

"We shall, in later chapters, consider the sympathetic nerve supply 
of the individual organs, but it is convenient here to state the main 
course of the distribution of these nerves (see fig. 39). 

The head and neck are supplied with fibres which arise from the 
upper two thoracic segments and the thorax from the upper five. 

The abdomen gets fibres from the lower seven thoracic ganglia. 
The fibres form into two groups to form the splanchnic nerves which 
pass to the collateral ganglia and plexuses. 

The remaining lumbar ganglia, which have white fibres, supply 
the lower abdomen and pelvis, and are distributed similarly. One 
bundle of fibres arising from the inferior mesenteric ganglion is known 
as the hypogastric nerve. 

The plexus and the finer nerve-fibres commonly lie on the walls 
of blood-vessels along with which they are distributed to outlying 
organs, like the fibres which pass out with the spinal nerves. 

The tissues supplied are blood-vessels, secretory glands, hairs, 
and the unstriated muscles of certain organs such as the intestine 
and spleen, whose functions are thereby correlated with the general 
requirements of the body. 

( B ) The Paeasympathetic. The parasympathetic consists of 
fibres which arise from certain cranial, spinal, and sacral nerves. 

1; Fibres which arise from the mid-brain. — These emerge by the 
third nerve; the pre-ganglionic fibres pass to the ciliary . ganglion ; 
the post-ganglionic, arising from' the cells of this ganglion, run in 
the short ciliary nerves to supply the intrinsic muscles of the eye- 
ball (sphincter iridis and ciliary muscle). 

2. Fibres which arise from the medulla oblongata. — These emerge 
. by the following nerves : — 

{a) Seventh and ninth nerves. These supply the blood-vessels 
with vasodilator fibres and also the secreting glands in the nose and 
mouth region. The .ganglia on the course of these fibres are the 
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spheno-palatine, otic, submaxillarj, and sublingual ganglia. Some 
of these fibres (for instance, those in the chorda tynipani) get hound 
up with branches of the fifth nerve and are distributed with them. 

(6) Tenth and eleventh nerves These are distributed by the 
branches of the tenth or vagus nerve to the msophagus, stomach, 
and small intestine, to the bronchial muscles, to the heart, and to 
the gastric and pancreatic secretory mechanism. Here our know- 
ledge of the localisation of the cell-stations is not so exact as it is in 
other parts ; some of the fibres appear to have their cell-stations in 
the ganglion on the trunk of the vagus, but in many cases they do 
not become post-ganglionic until the terminal ganglia in the walls 
of the various organs mentioned are reached. 

3. The spinal fibres and vasodilator nerves . — The knowledge that 
certain fine medullated fibres in the posterior spinal roots when 
stimulated cause vasodilatation we owe chiefly to Bayliss, although 
their presence had been noted by Strieker. These fibres have been 
called antidromic because their impulses pass out against the 
general afferent stream of the posterior roots. They have hitherto 
not been considered parasympathetic because their action, unlike 
that of other vasodilator nerves, is not abolished by atropine. 
They are, however, the reciprocals of the vasoconstrictor nerves. 
The fact that they really do belong to the para.sympathetic system 
has recently been much emphasised by Kurd and his co-workers 
in Japan, who claim that these fibres have a, motor action on the 
alimentary canal.^ Their view is supported by the work of Dale and 
Gaddum which indicates that vasodilator nerves act like the vagus 
by producing acetyl-choline, but in such a way that the action is not 
prevented by atropine. Kurd suggests also that tlioy exert a tro])hic 
function and that the degeneration of tissues and liability to infection 
such as is seen in bed-sores is due to the degoneratif)n of these fibres. 
It is considered that some of these para.sympathetic fibres join the 
splanchnics with which they are distributed. 

4. The sacral fibres . — The pro-ganglionic fibres emerge in the 
white rami of the second, tliird, and fourth sacral nerves. They 
pass through the saci-al ganglia of the lateral chain without forming 
connections with any cells there, and they pass on ns tlio nervus 
erigens, or pelvic nerve, to join the pelvic plexus. The fibres of 
this nerve supply vasodilator fibres to the external generative 
organs (whence its name), to the rectum and anus, and motor fibres 
to the musculature of the descending colon and rectum; they 
have their cell-stations in the small scattered ganglia of the })olvi'c 
plexus, or in terminal ganglia in the walls of the viscera they supply. 

The Enteric System and Terminal Ganglia. — This tenu refers to 

* These experiments htive not, however, been confirmed bj' independent 
observers. 
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the ganglia and network of fibres in the walls of the intestine (plexuses 
of Auerbach and of Meissner). These apparently act as local nerve 
centres controlling purely local activity, but there is reason to 
believe that the sympathetic, but especially the parasympathetic, bring 
about their intestinal effects through these plexuses. Other terminal 
ganglia are those in the walls of the heart, 'bladder, and other organs, 
but the evidence that these can act as local nerve centres is not con- 
vincing ; they seem to act cliiefly as cell-stations on the course of in- 
coming fibres especially those of the vagus. (See Control of Intestine.) 

General Function of the Autonomic Nervous System. — ^Every 
organ of the bod}' over wliich we have no voluntary control appears 
to be supplied with two sets of fibres — from the sympathetic and 
the parasympathetic — which have opposite functions. The apprecia- 
tion of tins fact we owe largely to G-askell, to whom, and to Langley, 
is due so much of our knowledge on the Subject. In-Gaskell’s 
nomenclature the sympathetic or accelerator group of nerves is 
termed kataholic, as they are concerned with general increase of 
work and utilisation of energy in the various parts of the body ; the 
parasympathetic group anabolic, as it is more intimately concerned 
with the processes which take place during bodily rest. 

While the statement is generally true it would probably be 
better to say that, while the sympathetic provides for the work of 
to-day the parasympathetic provides for the work of to-morrow. 
For example in relation to the heart, it may be shown that the 
process of physical training which promotes the muscular efficiency 
of the heart increases parasympathetic activity, but during the 
performance of the exercise the sympathetic action is increased 
while parasympathetic action is decreased. The parasympathetic 
may then be looked upon as supplementing the action of ■ the 
sympathetic in that it increases the range of the activity. It 
also sensitises the tissues to sympathetic activity. 

The sympathetic may be looked upon as adapting the body to the 
needs of muscular activity, emotion, and to exposure to cold. By 
far its most important and certain functions are to increase the 
heart-rate and blood-pressure, to arrest the activities of the 
alimentary canal, and to mobilise glucose; while increased action 
of the parasympathetic, e.g. the vagus, causes slowing of the heart 
and increased activity, motor and secretory, of the alimentary canal . 
and all its associated glands. 

The sympathetic has also many other detailed fimctions which 
may be enumerated : it reduces fatigue, dilates the pupil and bronchi, 
causes the secretion of sweat, and brings about the erection of hairs. It 
constricts cutaneous and splanchnic vessels, but dilates muscle vessels. 

Most of the actions of the sympathetic are also brought about 
by the injection of adrenaline into the blood-stream, and by the 
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accumulation of carbon dioxide in the body, and there is good 
reason to believe that in severe physical exercise the activities of the 
sympathetic, adrenaline, and carbon dioxide reinforce each other. The 
apparent object of such a mechanism is to make available for the 
•active muscles a maximum amount of oxygen-carrying blood, at the 
temporary expense of those parts of the body "whose activity is not 
immediately required, e.g. the alimentary canal. The sympathetic 
makes it possible for the body to use its already accumulated 
store of potential energy without ha'ving recourse to its immediate 
en-vironment for anything but oxygen, which it cannot store to 
any appreciable extent but wliich is normally ahvays available in 
the atmosphere. 

The relationship of the sympathetic system to afferent impulses . — 
As we have said, we must look upon the nervous system as 
acting reflexly. Our knowledge of this subject is as yet very 
imperfect, but it is important to note that there is much evidence 
that stimulation of afterent nerves, e.g. the production of pain in 
man, or stimulation in anaesthetised animals, causes sympathetic 
activity, e.g. dilatation of the pupil, acceleration of the heart, and 
constriction of blood-vessels. The fact suggests the possibility of 
a eonnection between the posterior root-fibres and the white rami. 
Such a connection is still fui-ther emphasised by the facts that the 
posterior roots, unlike the anterior roots, contain a very large number 
of small (autonomic) fibres, and that the lateral ganglia and the 
posterior root ganglia are develojied from the same mass of cells on 
the neural crest of the embryo, from which also is developed the 
medulla of the suprarenal gland, the hormone of which, as we shall 
see, acts like the sympathetic. 

The exact mechanisms by which the sympathetic is called into 
operation have not yet been fully elucidated, but it is evident -that 
its activity is specially related to sensation and to atVerent impulses 
which may not reach consciousness. The efiect of sensory stimula- 
tion may be looked upon as reflex in nature via the ])osterior roots 
and the rami communicantes. It is interesting to note that, although 
anesthesia may abolish the connection between the ]iostevior and the 
anterior roots, between the posterior root and the white ramus the 
connection is unaffected. It seems most ju'obable that all the 
actions of the sympathetic are essentially reflex and dejicnd on 
afferent impulses which reach the system from the external environ- 
ment or internal structures. 

The relative ivportance of the sympathetic and 2W'asympathetic . — 
It is becoming increasingly certain that the exact importance of 
these systems differ in diflerent species (Cannon, Heymans, Samaan). 
Removal of the whole of the sympathetic chain in dogs does not 
appear to make any material difference to the animals. The cat, how- 
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ever, is liable to collapse if it attempts any severe exercise, becomes 
emotionally distressed, or is exposed to extremes of temperature. 

Section of the vagi (below the origin of the inferior laryngeal 
nerves to prevent fatal laryngeal paralysis) does not have any 
material effect on an animal during rest. Its range of activity 
is, however, materially reduced, largely because of loss of the 
capabihty of the heart to increase its output. 

The Afferent Fibres from the Viscera. — It will have been 
noticed that the autonomic nervous system, as described, is an 
efferent system ; but,- throughout the areas supplied, there are also 
afferent fibres which carry impulses into the central nervous system. 
Very few of their pathways have been accurately traced. For this 
purpose Langley utilised the movements of a limb or tail which 
occurred on applying tension to organ. ]\IcDowall has shown that 
tliese reactions are very readily seen in a decapitate animal. He 
has also shown that in the chloralosed cat appropriate stimulation of 
viscera may cause dilatation of the pupil and, from the effects of nerve 
section, the pathways may be traced. It should perhaps be stated 
the afferent paths are by the posterior roots of all the spinal nerves 
which receive grey rami from all the sympathetic ganglia. Of special 
interest are the afferent fibres from the heart which have now been 
shown to pass in by the posterior roots of the upper thoracic and lower 
cervical region. This subject is discussed later in relation to sensation. 

The Action of Drugs on the Autonomic Nervous System. — 

' These are important from the physiological point of view, since it 
is largely by the use of drugs that the activities of the autonomic 
nervous system have been elucidated. As they are dealt withjater 
they need only be mentioned here. 

Sympathetic : stimulant — adrenaline. Faralysant — ergotoxine 
and ergotamine. Parasympathetic : stimulant — pilocarpine, choline, 
and acetyl-choline. Faralysant — atropine. 

In the section on the humoral transmission of the nerve impulse ’ 
we have seen that the transmission of impulses to organs or to 
other nerve-cells is mediated by the action of the chemical substances 
acetyl-choline and the adrenaline-like substance sympathin. 

Nicotine, as we have seen, paralyses both systems by acting on 
the synapses in ganglia. The 'other drugs act in the region of the 
nerve-endings. The evidence that they do not necessarily act 
directly on nerve-endings is that they still continue to act after 
the nerve has been cut and become degenerated ; indeed, the organ 
may be more sensitive than before. This occurs in the case of 
the pupil, which becomes more sensitive to adrenaline^ after the 
sympathetic supply has been cut. A' suggested explanation is that 
there may be, between the actual nerve-ending and the organ, an 
increase of a receptive substance on which the drugs act. 
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The details of the action of ,the drugs are to be inferred from 
what has been said in relation to the general function of the 
autonomic nervous system, and are dealt with further in relation 
to the special systems of organs concerned. 

The action of the autonomic nervous system may he simulated 
by the injection of drugs, notably of adrenaline, which acts like the 
sympathetic, and acetyl-chohne, which acts like the parasympathetic. 
They are shown in the following table, also the action of ergotoxine 
and atropine which paralyse both respectively. 
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Notes.— O — Dilatation. X = Cunstrietion. . = Xo eirecl-s, or nut lnve»tlgaU- l, or uncertain. 


* Variable according to the animal. Relaxed in cat'?, guinea-pigs, and rats. 

Drugs acting like adrenaline — ^Ephodrino, wliich provonts the 
destruction of adrenaline, tyramino, and a lunuhor of itew drugs. 

Drugs acting like acetyl-choline — Choline, iiilocarpino, arecolino, 
also eserine, and prostigmin which prevent the destruction of acetyl- 
choline. 

Most of these drugs have been extensively used in the study of 
the autonomic action, and many — especially eserine, atrojuno, and 
ephedrine, the action of which is prolonged — are used clinically. 

Refeuences. — Gaskcll, Langley, Kiintz, Dale, Roseiibliiolh and Cannon. 
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THE GIKCULATORY SYSTEM ' 

The circulatory system consists of the heart, the arteries, or vessels 
which carry the blood from the heart to other parts of the body, the 
veins, or vessels which carry the blood back to the heart again, and the 
capillaries, a network of minute tubes which connect the terminations 
of the smallest arteries to the commencements of the smallest veins. 

The Heart. 

The heart is the great muscular pump of the circulatory system. 
It lies in the chest between the right and left lungs, and is 
enclosed in a bag called the pericardium, the function of which 
is discussed later. 

The Chambers of the Heart. — ^The interior of the heart is 
divided by a longitudinal partition into two muscular cavities, the 
right and left. Each of these chambers is again subdivided trans- 
versely into an upper and a lower portion, called respectively, 
auricle and ventricle, which freely communicate one with the other ; 
the aperture of communication, however, is guarded by valves, so 
disposed as to allow blood to pass, freely from the auricle into the 
ventricle, but not in the opposite direction. There are thus four 
cavities in the heart — the auricle and ventricle of one side being 
quite separate from those of the other (figs. 40 and 41). 

At this stage the student should examine in detail .the structure 
of the heart of a mammal. If a hmnan heart is not conveniently 
available the heart of a sheep or rabbit, which in -all but size is 
almost identical, should be studied. It is best in each insUnee 
to commence by identifying the thick aorta which arises from the 
thickest chamber of the heart — the left ventricle — and to trace the 
course of the blood backwards. 

The chambers of the heart are lined continuously by a thin 
membrane, the endocardium, wlrich. is continuous with the endothelial 
lining of the blood-vessels. 

The right auricle is a thin-walled cavity, prolonged at one 
corner into a tongue-shaped portion, the right auricular appendix. 
Into it open the superior and inferior vense cavee, or great veins, 
which convey the blood from all parts of the body to the heart. The 
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opening of the inferior vena cava is protected and partly covered by 
a membrane called the Eustachian valve. In the posterior wall of 


the auricle is a slight depression 
the foetus there was an opening 



Fig. 40.— The interior of tlio h^rt showing the 
diflerent character oi the aortic and mitral 
valve.s (see' text). To the latter are seen 
attached the chordae tendinea;. the p.apUlary 
muscles. 


called the fossa ovalis, where in 
between the auricles which per- 
mitted the blood to pass to the 
left side of the heart without 
passing through the lungs. 

The right ventricle occupies 
the chief part of the anterior 
surface of the heart. It takes 
no part in the formation of the 
apex. Blood enters it from the 
riglit auricle by the tricuspid valve 
and leaves it by the pulmonary 
artery which is guarded by the 
2 ndmonary valve. 

The left auricle receives the 
blood from the lungs bv four 

O V 

pulmonaiy veins and passes it on 
through the mitral valve to the 
left ventricle. 

The left ventricle has a wall 
which in man is about three times 
as thick as that of the right 
ventricle since it has to pump the 
blood through the body generally. 
The blood leaves by the aorta 
which is guarded bv the aoj-tic 
valve. 

Valves. — Tlic arrangement of 
the heart’s valves is such that the 


blood can pass only in one direction. 

The tricuspid valve presents three principal cusps or subdivisions 
and the mitral or hicv.siyid valve has iv:o such ])ortions. Each 
cusp is of triangular form. Its base is continuous with the bases 
of the neighbouring portions, and with them forms an annular 
membrane round the auriculo-vcntricular opening, and is fixed to 
the tendinous ring which encircles the orifice. 

While the bases of the 'cusps of the valves are fixed to the 
tendinous rings, their borders are fastened by slender tendinous 
fibres, the chordcc tendirtC(C, to the ])a})illary museh'.s which jvroject 
from the internal surface of the walls of the ventricles (see 
fig. 40). 

The preceding description applies equally to both the mitral and 
the tricuspid valve; but it should bo added that the mitral is 
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considerably thicker and stronger than the tricuspid^ in accordance 
with the greater force which it is called upon to resist. 

The semilunar valves guard the orifices of the pulmonary artery 
and of the aorta. They are nearly alike on the two sides of the 
heart ; but the aortic valves are more strongly constructed than the 
pulmonary valves, in accordance with the greater pressure which 
they have to withstand. Each valve consists of three parts which 
are of semilunar shape, the convex margin of each being attached to 
a fibrous ring at the place of junction of the artery to the ventricle, 
and the concave or nearly straight border being free, so as to form 
a little pouch like a watch-pocket (fig. 40). In the centre of 
the free edge of the pouch, which contains a fine cord of fibrous 
tissue, is a small fibrous nodule, the corpus Arantii, and from this and 
from the attached border fine fibres extend into every part of the 
mid-substance of the valve, except a small lunated area just within 
the free edge, on each side of the corpus Arantii. Here the valve is 
thinnest, and composed of little more than the endocardium. Thus 
constructed and attached, the tliree [ semilunar pouches are placed 
side by side round the arterial orifice of each ventricle; they are 
separated by the blood passing out of the ventricle, but immediately 
afterwards are pressed together so as to prevent any return. 
Opposite each of the semilunar cusps, both in the aorta and. 
pulmonary artery, there is a bulging outwards of the wall of the 
vessel : these bulgings are called the sinuses of Valsalva. From two 
of these sinuses just behind the aortic cusps open the coronary 
arteries which supply blood to the heart during its 'relaxed phase. 


Course of the Circulation. 

The blood is conveyed away from the left ventricle (as in the 
diagram, fig. 41) and has the following courses, heart — arteries, 
— arterioles, — ^ capillaries, — ^ venules — ^ veins — heart. 

From the right auricle the blood passes to^ the right ventricle, then 
by the pulmonary artery, which divides into two, one for each lung, 
then through the pulmonary capillaries, and through the pulmonary 
veins (two from each lung) to the left auricle. ' From here it passes 
into the left ventricle, which brings us back to our starting 
place. 

The complete circulation is thus made up of two ch’cuits, the one, 
a shorter circuit from the right side of the heart to the dungs and 
back again to the left side of the heart ; the other and longer circuit, 
from the left side of the heart to all parts of the body and back 
again to the right side. The circulations through the lungs and 
through the system generally are respectively named the Pulmonary 
and Systemic or lesser' and greater, circulations. It will be noticed 
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also in the same figure that a portion of the stream of blood having 
been diverted once into the capillaries of the intestinal canal, and 
some other abdominal organs, and gathered up again into a single 
stream, is a second time divided in its passage through the liver, 
before it finally reaches the heart and completes a revolution. Tins 
subordinate stream through the liver is called the Portal circulation. 
A somewhat similar accessory circulation is that through the kidneys, 
called the Renal circulation. The difference of colours in fig. 41 
indicates roughly the difference between arterial and venous blood 



The blood is oxygenated in the lungs, and the formation of oxy- 
haemoglobin gives to tlie Idood a l)riglit red colour. This o.xygonated 
or arterial blood (contained in the ])uhnonary veins, the loft side of 
the heart, and systemic avtorie.s) is in part reduced in the tissues, 
and the dooxygenated luemoglohin is darker in tint than the oxy- 
hcemoglobin ; this venous blood passes by tho systemic veins to the 
right side of tlio lioart and thence by tho juilmouavy artery to tho 
lungs, where it once more receives a fre.sh supply of oxygon. 

It should, however, be noted that the lunEfs, like the rest of the body, are 
also supplied witlt arterial blood, wliicJi reaches them by the bronchial arteries. 
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The Structure of the Vessels in Relation to 
their Function. 

The vascular system is lined throughout by a layer of elongated 
pavement cells known as endothelium. The cells of tliis layer 
contain relatively large quantities of 
lipoid material wMch probably has 
important physiological functions. 

Friction is reduced to a minimum 
and the blood corpuscles slip easily 
along its surface. If it is broken it 
heals rapidly ; at the broken point a 
blood clot commonly occurs. As we 
shall see, the capillaries are composed 
of endothelium only, with a few 
scattered cells on the outside, biit 
the larger vessels have several coats 
according to their needs. Muscle of 
the un striped variety is added to 
give contractility so that the vessel 
may change its calibre. Elastic 
tissue gives additional elasticity, 
while strands of fibrous tissue confer 
strength to the whole and makes 
vessels capable of withstanding pres- 
sures of over 300 millimetres of 
mercmy in certain circumstances. 

Arteries of various sizes vary in 
their structure. The muscular coats 
are best seen in those smaller vessels 
which change their calibre, while 
elastic tissue preponderates in the 
large arteries where, as we shall see, 
it is so important for the maintenance 
of the blood-pressure while the heart 
is filling. A t h in layer of elastic tissue 
usually supports the endothelial 
lining. Arterioles are especially 
muscular. 

The veins, in which the blood- 
pressure is much lower, have much thinner walls than the correspond- 
ing arteries. On the whole they contain less elastic and muscular 
tissue but often relatively more fibrous tissue. -The veins near -the 
heart have well-marked circular muscle, while in those in the bones 
and central nervous system there is none. Venules are more muscular 
than veins. 



Pio. 42. — Transverse section through a, 
small artery and vein of the mucous 
membrane of a child's epiglottis ; the 
artery is thick-walled and the vein thin- 
walled. A. Artery, the letter is placed 
in the lumen of the vessel, e,- Endo- 
thelial cells with nuclei clearly visible ; 
these cells appear very thick from the 
contracted state of the vessfel. Outside 
them a double wavy line marks the 
elastic layer of the tunica intima. m. 
Tunica media, consisting of unstriped ' 
muscle fibres circularly arranged ; their 
nuclei are well seen, a. Fart of the 
tunica adventitia showing bundles of 
connective-tissue fibre in section, with 
the circular nuclei of the connective- 
tissue corpuscles. This coat gradually 
merges into the surrounding connective 
tissue. V. In the lumen of the vein. 
The other letters are used as in the 
artery. The muscular coat of the vein 
(m) is seen to be much thinner than 
that of the artery, x 850. (Klein 
and Noble Smith.) 
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Because of this histological structure the arteries are much more 
rigid than the veins and do not coUapse when empty. It was because 
of this that the ancients thought they contained air and called 
them arteries. At death they go into spasm and empty themselves. 

Nerves . — Most of the -arteries are surrounded by a plexus of 
nerves, which terminate in a network between the muscle-fibres. A 
vein may be punctured almost painlessly, and this is commonly done 
when drawing off blood from the median basilic superficial vein of 
the forearm. The puncturing of an artery causes exquisite pain. 

Valves. — One main distinction between arteries and veins is the 
presence of valves in the latter vessels. The general construction of 
these valves is similar to that of the semilunar valves of the aorta 
and pulmonary artery, already described ; but their free margins are 



f 10 . 43.— Diagram showing part of a vein [’in. -il. — A, Vein with V3]vc< open, 

laid open and spread out, with two 15, with valves clon-d; with halloon- 

pairs of valves. ing of the vein nlyive. 

turned ,in the opposite direction, i.c. iomirtls tlic heart, so as to 
prevent any movement of blood backward. They are commonly 
placed in pairs, at various distances in din'erent veins, but almost 
uniformly in each (fig. 43). In the smaller veins single valves are 
often met with; and three or four are soinetimos jdaced together, 
or near one another, in the largest veins, such as the subclavian, at 
their junction with the jugular veins. They are conqiosed of an 
outgrowth of the suhendothelial tissue covered with endothelium. 
Their situation in the superficial veins of the forearm is readily 
discovered by pressing along their surface, in the direction opposite 
to the venous current, i.c. from the elbow towards the wrist; little 
swellings appear in the position of each jiair of valves. These 
swellings at once disappear when the pressure is removed. 

Valves are not equally numerous in all veins, and in many they 
are absent altogether. They are most numerous in the veins of the 
extremities, and more so in those of the leg than the arm. They are 
commonly absent in the most miuulo veins and venules, aiul, as a 
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general rule, there are few or none in those which are not subject to 
muscular pressure. This fact is of considerable physiological import- 
ance, since the compression of the veins by the rnuscles is an 
important factor in assisting the return of blood to the. heart. 



Fiq. 45. — Diagram of capillary showing the nucleated endothelium of which it is composed and two 
Rouget cells. (After Klein, Noble Smith, and Yimtrup.) 


The Capillaries. — In most cases the blood finds its way from the 
small arteries to the small veins through a network of minute 
vessels, the capillaries. But in certain cases (parathju'oid, spleen, 
the thyroid of some animals, erectile tissue, the placenta, and 
the embryonic liver and kidney) the connecting systems of vessels 



Fio, 46. — Network of capillary 
vessels of the air-cells of the 
horse’s lung magnified, a, a. 
Capillaries proceeding from 
h, terminal branches of the 
pulmonary artegy. (Frey.) 



Fiq. 47.— Injected capil- 
lary vessels of muscle 
seen with a low mag- 
nifying power. 

(Sharpey.) 


are larger and have an irregular shape ; these - vessels are terrned 
The walls of both capillaries and sinusoids are composed of 
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endothelium — a siogle layer of elongated flattened and nucleated 
cells, so joined and dovetailed together as to form a continuous 
transparent membrane (fig. 45). 

The Nature of Capillary Contraction and Dilatation. — 
There has been considerable discussion regarding the exact change 
which takes place in the wall of a capillary when it contracts. 
The evidence is now complete as a result of cinematographic evidence 
that the cells of the capillary wall have the power of changing 
their shape. '^Vhen the cells swell they can obliterate the lum'en 
of the capillary. This really was the original view of Strieker 
in 1876 on the basis of direct observation, but subsequently it was 
considered that the scattered cells sometimes seen on the capillaries, 
and known as Eouget cells, were responsible. These cells have now 
been shown to be macrophages. The capillaries have been seen 
to contract before these special cells are developed. 

How chemical substances cause the cells to swell is, however, 
unknown. It seems most probable that some change hakes place 
in the cell wall and water is imbibed, while a reversal of this 
process would re-establish the lumen. 

The diameter of the capillary vessels varies slightly in the 
different tissues of the body, the most common size being about 
^j^^th of an inch (12 /x). 

The form of the capillary network and the size of the individual 
capillaries vary considerably in different parts of the body. 

It may be held as a general rule that the greater the activities 
of an organ are, the more vascular it is. Hence the narrowness of 
the interspaces in all glandular organs, in mucous membranes, and 
in growing parts, and their much greater width in bones, ligaments, 
and other comparatively inactive tissues. 

Arterio-Venous Anastomoses. — In some regions the arterioles 
and venules communicate directly, for examplo in the ear of the 
rabbit. The function of these anastomoses ap])ears to bo to allow 
hot blood to pass freely through the part for j)urposcs of cooling 
(Grant). (See fig. 74.) 

Collateral Circulation. 

VTien the main artery or vein of a part of the body is occluded, 
collateral circulations rapidly open u]) and quite small vessels may 
enlarge and take over the fimction of the larger ves.sels. This is 
possible because of the free anastomosis of arteries and of veins, 
but the exact stimulus which determines the enlargement is not 
known. In the case of the arm, for example, if the luaehial artery 
is blocked the circumflex artery may enlarge and become the main 
supply of the arm. 
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THE CIECULATION 

Previous to the time of Harvey (1628), the vaguest notions pre- 
vailed regarding the use and movements of the blood. The arteries were 
supposed by some to contain air, because when an animal is killed,' 
they are • usually found to be empty, their spasm at death having 
driven the blood into the veins. It was imagined that the air got 
into the arteries from the lungs and supplied vital spirit to the 
body. The brain, on the other hand, supplied animal spirit. 

There was an idea that the blood was subject to a to-and-fro 
movement which was confined to the veins. The proofs that the 
movement is in a circle were discovered by William Harvey, to 
whom also belongs the credit of pointing out the methods by which 
almost every physiological problem must be studied. In the first 
place there must be correct anatomical knowledge, and in the second 
there must be experiment, by which deductions from structure can 
be tested; this second method is the more important of the two, 
Harvey’s work on the circulation fulfilled both these requirements. 

Harvey studied at Cambridge and Padua but became physician . 
to King Charles I, and to St Bartholomew’s Hospital, London. 

The structural or anatomical facts on which he relied were : — 

A. The existence of two distinct sets of tubes in connection with 
the heart : the arteries and the veins. 

B. The existence in the heart, and also in the veins, of valves 
which allow the passage of the blood in one direction only. 

His experimental findings were : — 

1. That the blood spurts with great force and in a jerky manner 
from an artery opened during life, each jerk corresponding .with a 
beat of the heart. 

2. That if the large veins near the heart are tied, the heart 
becomes pale, flaccid, and bloodless, and on removal of the ligature . 
blood again flows into the heart. 

3. If the aorta is tied, the heart becomes distended with blood, 
and cannot empty itself until the ligature is removed. 

4. The preceding experiments were performed on animals, but by 
the following experiment he showed that the circulation is a fact in 
man also ; if a ligature is drawn tightly round a limb^ to compress 
the artery to the part no blood can enter dt, and it becomes pale 
and cold. If the ligature is relaxed so that only the veins are 
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compressed blood can enter but cannot leave and the limb becomes 
swollen. If the ligature is removed, the limb soon regains its normal 
appearance. 

5. Harvey also measured the amount of blood wliich the heart 
could hold and the total amount in the body. He reasoned that in 
order to make it possible for the heart to pump out such an amount 
at each beat the same blood must be used over and over again. 

6. If an artery is wounded, haemorrhage _may be stopped by 
pressure applied between the heart and the wound ; but if the wound 
is in a vein, the pressure must be applied beyond the seat of injury. 

Since Harvey’s time many other proofs have acciimulated. Tor 
instance ; — 

Perhaps the most satisfactory proof of the circulation is one now 
within the reach of every student, though beyond that of Harvey. 
It consists in actually seeing the passage of the blood from small 
arteries through capillaries into veins in the transparent parts of 
animals, such as the tail of a tadpole or the web of a frog’s foot. 
Harvey could not foUow this part of the circulation, for he had no 
lenses sufficiently powerful to enable him to see it. Harvey’s idea 
of the circulation here was that the arteries carried the blood to the 
tissues, wliich he considered to be of the nature of a sponge, and the 
veins collected the blood again, much in the same way as drainage 
pipes would collect the water of a swamp. The discovery that the 
ends of the arteries are connected to the beginnings of veins by a 
definite system of small tubes we now call capillaries was made 
by Malpighi, in the year 1661. He first observed them in the lung of 
the frog, and Leeuwenhoek, seven years later, saw the circulation in 
the tail of a tadpole. 

The student is referred to a small book on the subject by Singer, 
which gives a convenient summary of the 
ancient views. 

The Principle of the Circulation. — 
The simplest possible way in which we can 
represent the circulatory system is shown in 
fig. 48. Suppose wo had a ring of tubing 
with a bulb (H) wliich could bo compressed 
by hand. If the apparatus were filled with 
fiuid and the bulb compressed there would 
be a to-and-fro movement of the fiuid. The 
presence of valves, however, which permit 
-the flow in one direction only would convert 
the flow into a circulation as illustrated in 
the figure. If the contraction and relaxation of the bulb which 
corresponds to the heart were repeated often enough the fluid would 
move round and round within t.ho tubular ring. 

o 



Fio. 48.— Simple model of the 
circulation. 
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The main factor in the circulation is difference of pressure. In 
general terms fluid flows from points of high pressure to those of 
lower pressure. Tliis difference of pressure is produced in the first 
instance hy the contraction of the heart, but we shall find in our 
study of the vessels that some of this pressure is stored up in the 
elastic arterial walls, the recoil of which keeps up the circulation 
during the periods when the heart is resting. 

In worms the circulatory system is almost as simple as. in the 
model just described ; the heart is a long contractile tube provided 



Pio. 49.— The heart of a frog (Eana esculenta) 
from the front. V, ventricle', Ad, right 
auricle ; jIs, left auricle ; JS, bulbus arteri- 
osus, dividing into right and left aortic. 
(Ecker.) 



Pio 50. — ^Diagram of frog heart. 
V = ventricle, A = auricle, 
S = sinus, C.A. = bulbus 
arteriosus from which the 
aorta originates. Between 
the sinus and the auricle the 
sino - auricular junction is 
indicated by the dotted line. 


with valves ; along it a wave of contraction passes and presses- the 
blood forwards into the aorta at its ventral end; this divides into 
arteries for the supply of the body; the blood passes through these 
to capillaries, and is collected by veins which converge to one or two 
main trunks that enter the heart at its dorsal end. 

In fishes the heart is divided into a number of chambers placed 
in single file, one in front of the other. 

Taking the frog as an instance of an amphibian, we find the 
heart more complex, and the simple action of the heart muscle, as 
we have described it in the hearts of worm and fish, is corre- 
spondingly modified. 'There is only one ventricle, but there are 
two auricles, right and left. _ - 

The ventricle contains mixed blood, since it receives arterial 

D 
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blood from the left auricle (which is the smaller of the two), and 
venous blood from the right auricle; the right auricle receives the 
venous blood from the sinus, which in turn receives it from the 
systemic veins. The left auricle, as in man, receives the blood from 
the pulmonary veins. 

When the ventricle contracts, it forces the blood onward into 
the aortic bulb which divides into branches on each side for the 
supply of the head (fig. 49, 1), lungs and skin (fig. 49, 3), and the 
third branch (fig. 49, 2), unites with its fellow of the opposite side 
to form the thoracic aorta for the supply of the rest of the body. 

In reptiles the division of the ventricle into two is beginning, 
but it is not complete till we reach the birds. The heart reaches 
its fullest development in mammals, and we have already described 
the human as an example of the mammalian heart. The sinus is 
not present as a distinct chamber in the mammalian heart (except 
in a very early foetal stage), but is represented by that portion of the 
right auricle at which the large veins enter. 


CHAPTEE XII 


PHYSIOLOGY OF THE HEART 

The Cardiac Cycle 

The series of changes which occurs in the heart constitutes the 
cardiac cycle. This must he distinguished from the course of the 
circulation. The term “ cycle ” indicates that if one observes the 
heart at any particular moment, the heart from that moment 
onwards undergoes certain changes until it once more assumes 
the same condition that it had at the moment when the obser- 
vation commenced, when the cycle is again repeated, and so 
on. This series of changes consists of alternate contraction and 
relaxation. Contraction is known as systole, and relaxation as 
diastole. 

The contraction of the two auricles takes place simultaneously, 
and constitutes the auricular systole; this is followed by the simul- 
taneous contraction of the two ventricles, ventricular systole ; after- 
each systole the auricles and ventricles relax or go, into diastole 
in the same order. The auricular diastole begins before ventricular 
systole is. over and is followed by ventricular diastole. The cycle 
again commences with the auricular systole. 

Taking 72 as an average number of heart-beats per minute, each 
cycle will occupy yV ^ minute, or a little more than 0’8 of a 
second. This may be approximately distributed in the following 
way: — 

Auricular systole . about 0'05 + Aiuicular diastole . 0'75 = 0*8 

Ventricular systole ^ ,, 0'3 + Ventricular diastole . 0-5 = 0‘8 

If the speed of the heart is quickened, the time occupied by 
each cycle is diminished, but the diminution affects chiefly the 
diastole. These different parts of the cycle must next be studied in 
detail. , 

Aurieular Diastole . — ^During this time, -the blood from the large 
veins is flowing into the auricles, the pressure in the veins though 
very low being greater than that in the empty auricles. The 
blood expands the auricles. As soon, however, as the auriculo- 
ventricular valves open the blood passes through into the ventricles. 
These valves open as soon as the pressure in the auricles becomes 
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greater than that in the ventricles, that is at the beginning of 
ventricular diastole. 

Auricular Systole. — contracting, the auricles empty them- 
selves into the ventricles which are already full. The contraction 
commences at the entrance of the great veins, and is thence pro- 
pagated towards the auriculo-ventricular opening. Eegurgitation 
into the veins is prevented, not by valves, but by the contraction 
of the muscle around the venous inlets. 

Ventricular Diastole. — During the last part of the auricular diastole 
and the whole of the auricular systole, the ventricles are relaxed 
and then filled with blood. The dilatation of the ventricles is 
brought about in virtue of their elasticity and by the pressure 
of the venous blood. 

Ventricular Systole. — Tliis is the contraction of the ventricles, 
an(i it occupies more- time than the auricular systole; when 
it occurs the auriculo-ventricular valves are closed and prevent 
regurgitation into the auricles, and when the force of the systole is 
great enough, the pressure within the ventricles exceeds that in the 
large arteries which originate from them ; the semilunar valves are 
opened, and the ventricles empty themselves, the left into the aorta, 
the right into the pulmonary artery. 


Action of the Valves and Filling of the Heart. 

1. The ventricles are filled by the pressure of the blood in the 
veins and the fluid ejected from the auricles during their systole 
causes slight additional distension of the ventricles. 

The auricles are therefore to bo looked u])on as accessory to 
ventricular filling, but not essential. In cardiac disease, e.g. 
auricular fibrillation, the auricles cease to act normally and ven- 
tricular filling depends solely on venous pressure. It is important to 
observe that the main filling of the ventricles takes place in the first 
third of diastole. See volume curves of heart, fig. 52. The auriculo- 
ventricular valves are gradually brought into place by eddies and by 
blood getting behind the cusps and lifting them up; by the time 
diastole is complete, the valves arc in apposition, and are firmly 
closed by the pressure sot up by the systole of the ventricles. 
The margins of the cusps of the valves are still more secured in 
apposition to one another by the simultaneous contraction of the 
musculi papillares, whoso chordm tondinea: have a special mode of 
attachment for this object. The cusps of the auriculo-ventricular 
valves meet not bj" their edges only, but also by the opposed surfaces 
of their thin free borders. 
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The contraction of the papillary muscles to the tip of which are 
attached the chordse tendinese prevents the auriculo- ventricular valves 
being pressed back into the'auricles when the ventricles contract. 

2. The Semilunar Valves . — The first result of " the contraction of 
the ventricles is the closure of the auriculo-ventricular valves, and 
as soon as tins has been effected the intraventricular pressure begins 
to rise. It quickly reaches a point at which it equals the aortic 
pressure, and then exceeds it, and as soon as this pressure difference 
has been established the aortic valves are opened and blood flows 
from the ventricle into the aorta. The valves are kept open as long 
as the intraventricular pressure exceeds the aortic. As soon as the 
heart has emptied itself, the ventricle begins to relax. The valves 
tend to fall into position because of eddies set up by the outrushing 
blood, and, as soon as the pressure in the ventricles falls below the 
pressure, in the aorta they are closed sharply. 


Time Relations of the Events of the Cardiac Cycle. 

f 

These have been studied by investigating the changes in pressure 
inside the heart (endocardiac pressure) and the changes in the 
volume of the organ. A tube or sound is passed into the part of' 
the heart concerned. For the right side of -the heart it may be 
passed down the jugular vein. 

Eecords may be taken by connecting the sound to a manometer 
on the principle of Marey’s tambour but of stouter material. 
The Hurthle or Gadd manometer has a moving membrane of 
thick rubber or metal respectively so that it responds rapidly. In 
each instance the recording apparatus is connected to the sound by 
tubing, filled with anticoagulant fluid as in recording blood-pressure. 

By far the most accurate results, however, are obtained by 
connecting the cardiac cavity by means of a tube with an optical 
recorder instead of a tambour bearing a lever. Eecorders for 
the purpose were introduced by Frank, elaborated by Piper 
and more recently by Wiggers, Professor of Physiology in Western 
Eeserve University, U.S.A. In this apparatus a small rubber 
membrane is stretched over the end of a tube with a flattened 
side. . On the membrane next the flattened side is attached a mirror 
from which a beam of light is reflected (fig. 51). The movements 
of the beam are recorded on a moving photographic film, as in^ the 
electrocardiograph. The apparatus is standardised by attaching it to 
an ordinary (J-tube mercury manometer and noting the extent of ' 
the movement of the beam when the pressure in the system is 
changed a known amount. A record taken by an optical recorder 
is shown in fig. 52, and from such 'observations the following phases 
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of the cardiac cycle ha^e been determined by Piper and by Wiggers. 
The actual times heed not be committed to memory, but the causes 
of each change of pressure should be noted. 

(1) Auricular systole 0'05 sec., diastole 0'75. 

(2) Yentricular systole. Total duration 0‘33 to 0'23 sec. according 
to the rate of the heart (i-iii in fig. 52). The period between ii and 
m is known as systolic plateau. 



Fio. 51.— Modified WIggors manometer.— A, glass tube with flattened side ; B, rabbet 
membrane stretched over end of A ; C, celluloid triangle cemented on to B ; D, small 
mirror; E and F, incident and reflected rays respectively. 


■ During the first part of the systole the ventricle is a closed 
cavity and for this period "Wiggers uses the term Isometric Phase.* 
In the second part blood is expelled into the aorta (Ejection Pliase). 

(3) Ventricular diastole. There are two distinct phases of 
ventricular diastole (m-l). In the first the ventricle does not fill 
and in the second it does. 

(a) Early diastole (iii-iv), from the beginning of relaxation till 
closure of aortic valves and during isometric relaxation in which 
the ventricle is again a closed cavity, i.e. before the auriculo- 
ventricular valves open. 

(&) The remainder and most important part of diastole is divided 
into two phases (iv-v and v-vi) during which the inflow is rapid and 
slow respectively. At the end of the slow phase (v-vi) the contraction 
of -the auricle occurs which hastens the last part of diastolic filling 
of the ventricle. 

The total length of diastole varies very much according to the 
rate of the heart. The important point, however, must bo noted 
that the main filling of the heart occurs during the first third 
(iv-v) of diastole and that consequently a shortening of diastole 

* So called because the ventricular muscle develops tension but has not 
shortened. 



INTRA-AURICULAE PRESSURE 


103 


CH. XII.] 


which may occur between v and vi does not materiaUy affect the 
total filling. 



Ill . ' I ■ I I 

I II III IV V VI 


Fio. 62.— Diagram showing simnltaneous ventricular pressure and volume records (modified 
from Wiggers). I-II, period of isometric contraction; II-III, period of ejection ; III-IV, 
early diastole; IV-V, period of rapid Inflow; V-VI, period of slow inflow. The volume 
record has been taken by means of a cardiometer (see fig. 60) attached to an optical 
recorder. Some similar records such as those taken by Piper show a small change between 
III and IV which corresponds to the closure of the aortic valves. The dotted lines indicate 
the radial and jugular pulses and the electro-cardiogram. 


Intra-Aurictdar Pressure. 

The chief interest in this pressure lies in the fact that the changes 
which occur in the auricle are similar to those which appear in a 
record of a venous pulse (p. 141) except that in the auricular record 
the waves occur earlier in the cardiac cycle. The changes which take 
place are discussed in relation to the venous pulse. 

The actual pressure in the auricles is not normally in excess 
of 5 inm. Hg. This indicates the enormous effect which a leaky 
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mitral valve must have, since the systolic pressure in 'the left 
ventricle varies commonly from about 120 mm. during rest to about 
200 mm. Hg during exercise. The systolic pressure in the right 
ventricle is about a quarter of that in the left. 

The Sounds of the Heart, 

When the ear is placed over the region of the heart, two sounds 
which follow in quick succession, and are succeeded by a pajisc or 
period of silence, may be heard at every beat of the heart. The 
first or systolic sound is dull and prolonged; its commencement 
coincides with the impact of the heart against the chest wall, and 
it lasts during the greater part of the ventricular systole ; it 
just precedes the pulse at the wrist. The second or diastolic sound 
is shorter and sharper, with a somewhat flapping character; it 
follows the end of ventricular systole, and is audible just after the 
radial pulse is felt. The sounds are often compared to tlie syllables, 
lubb — dUp, 

Causes. — First Sound — Two factors enter into the production of 
this sound: the muscular contraction of the heart, and the closure 
of the auriculo-ventricular valves. The following facts are evidence 
that the muscular conkactions are concerned : (1) the sound 
resembles that produced by a contracting voluntary muscle ; (2) the 
sound may be heard when the heart is empty, as in the excised 
heart. With regard to (1): although the cardiac contraction is a 
twitch and that of voluntary muscle normally a tetanus, it must 
be borne in mind that unequal tension repcatedh' set up in the 
intricately interlaced fibres of the ventricular wall would lead to 
the production of a sound. It is important, however, to realise that 
even the valvular element in the sound depends on the muscular 
contraction, since the latter is indirectly responsible for the closure 
of the valves. The loudness of the first sound is therefore to some 
extent an indication of the fitness of the heart-muscle and its 
enfeeblement may indicate approaching heart failure, c.y. in fever. 

The cause of the second sound is simpler and consists entirely 
of the vibration consequent on the sudden stretching of the semi- 
lunar valves when they are pressed down across the orifices of the 
aorta and pulmonary artery. The influence of these valves in 
producing the sound was first demonstrated by Hope, who experi- 
mented with the hearts of calves. In these experiments two delicate 
curved needles were inserted, one into the aorta, and another into 
the pulmonary artery, below the lino of attachment of the semilunar 
valves, and, after being carried upwards about half an inch, were 
brought out again through the coats of the respective vessels, so 
that in each vessel one valve was included between the arterial 
walls and the wire. Upon applying the stethoscope to the vessels 
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after sucli ah operation, the second sound ceased- to be audible. 
Disease of these valves, when sufficient to interfere with their 
efficient action, also demonstrates the same fact by modifying the 
second sound or destroying its distinctness. The dup becomes 

The loudness of the second sound dependsi on. the height of the 
arterial pressure, but like that of the first sound it may he masked 
by a thick chest wall. 

The contraction of the auricles is inaudible. 

The first sound is heard most distinctly at the apex-heat in the 
fifth interspace ; the second sound is best heard over the second right 
costal cartilage — that is, the place where the aorta lies nearest to 
the surface. The pulmonary and aortic valves generally close simul- 
taneously. In some cases, however, the aortic may close slightly 
before the pulmonary valves, giving rise to a “ reduplicated second 
sound.” The pulmonary contribution to this sound is best heard over 
the second left costal cartilage. 

The apex-beat in man is felt normally in the fifth left intercostal 
space three and a half inches from the middle line. It is caused 
by two factors. The heart becomes hard and tense and is therefore 
capable of causing an impulse against the chest-wall. Its attach- 
ment to the aorta becomes more rigid, and when the aortic pressure 
suddenly rises during systole the aorta, tending to straighten out, - 
causes the heart to press more firmly against the thoracic wall ; the 
aorta cannot straighten to any extent in a backward direction 
because of the rigid vertebral column beliind it. 

When the left ventricle is enlarged the apex-beat may be 
displaced appreciably downwards and to the left. 

Cardiographs. 

A cardiograph is an instrument for obtaining a graphic record 
of the heart’s movements. In animals the heart may be exposed. 



and levers connected to its various parts may be employed to 
write on a revolving blackened surface; 

A. simple instrument for the frog’s heart is shown in fig. .53. 



106 


PHYSIOLOGY OF THE HBAET 


[CH. XIL 


The sternum of the pithed frog having been removed, the peri- 
cardium opened, and the frsenum (a small band from the back ,of 
the heart to the pericardium) divided, the heart is pulled through 
the opening, a minute hook placed in its apex, and this is fixed 
by a thread to a lever which records, as in the figure. The wave 
of contraction starts at the sinus, this is followed by the auricular 
systole, and later by the ventricular systole and pause. An actual 
record is seen later in fig. 55. , 

A number of cardiographs have been devised for recording the 
beat of the human heart at its apex. Since the information obtained 
from the use of such apparatus is little more than that from the 
pulse they have been given up. 


The Cause of the Heart-Beat. 

At one time the rhytlim winch cardiac muscle exhibits was 
thought to be due to the action of the nerves which supply it. "VYe 
now know that the property of rhythmical contraction resides in 
muscular tissue itself, though during life it is normally controlled 
and regulated by its nerves. Tliis is expressed by saying that 
cardiac rhythm is myogenic not neurogenic. A few physiologists 
still maintain the older neurogenic theory, but the majority of them 
have worked chiefly on the hearts of invertebrate animals, whose 
mechanism may be a different one. The striking observation made 
by early observers that the heart, especially an amphibian heart, will 
continue to beat after its removal from the body, is not proof cither 
way as such a heart still contains many nervous structures. A 
mammalian heart will beat only for a few minutes outside the body 
unless supplied with blood or a substitute. But so far as the 
vertebrate heart is concerned, the myogenic theory is now held, 
because: (1) the foetal heart manifests rhythm long before any 
nerves reach it; (2) the apex of the ventricle of such animals as 
frogs and tortoises can be made to beat rhythmically by perfusing it 
with suitable fluids under pressure, and this part of the heart has 
few nerves and no ganglion cells; and (3) the rate of conduction of 
the excitation is slow, and corresponds to the rate of muscular rather 
than of nervous conduction. 


Conduction in tho Heart. 

As already stated, the slow rate of propagation of the excitation- 
wave points to its travelling by a muscular rather than a nervous 
pathway, and liistology supports this view, the muscle-fibres being 
connected to each other by intercellular bridges of protoplasm (see 
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p. 50). Experimental proof may be obtained in the following way: 
A strip of the heart-wall is taken and several cuts going nearly 
completely across it are made first from one side then from the 
other. All the nerves must be cut through at least once, so that 
the only tissue not severed is muscular. The strip stiU continues 
to beat. In other words, the propagation is myodromic. The 
passage of the wave from one chamber to another is also myodromic. 
The slow rate of propagation indicates that tliis is so, and the view 
has been fully proved by the discovery of muscular strands, passing 
across from one chamber to the next. ' 

In the frog under normal conditions the vwave of contraction 
in the heart starts at the sinus, and travels over the auricles to the 
ventricle ; the irritability of the muscle and the power of rhythmic 
contractility are greatest in the sinus, less in the auricles, and still less 
in the ventricle. Under ordinary conditions the apical portion of 
the ventricle exhibits very slight power of spontaneous contraction. 
The importance of the sinus as the starting-point of the contraction 
can be shown by warming it. If a frog’s heart is warmed by bathing 
it in warm salt solution at about body tempei’ature, it beats 'faster ; 
.this is due to the sinus starting a larger number of excitatory waves 
in a given time; this may be demonstrated by warmiog localised 
portions of the heart by a small heated rod; if the sinus is warmed 
the heart beats faster, but if the auricles or ventricle are warmed 
there is no alteration in the heart’s rate. The sinus in the frog’s 
heart, and that portion of the right auricle in the mammal’s heart 
which corresponds to the sinus, are always the last parts of the 
heart to cease beating at death, or after removal from the body 
{ultima moriens, Harvey). This is an additional proof of the 
superior rhythmical power which the sinus possesses, but this power 
is possessed by all cardiac muscle to a lesser degree. 

In the frog’s heart there is an obvious muscular connection 
between the auricles and ventricle along which the impulses pass. 
By an arrangement of ligatures, or, better, of clamps, one part of 
the heart may be isolated from the rest, and the contraction may 
be made to stop in the portion of the heart muscle in which 
it begins. It must not, however, be thought that the . wave of 
contraction is incapable of passing over the heart in any other 
direction than from the sinus onwards; for it has been shown that 
by the application of appropriate stimuli at appropriate instants, 
the natural sequence of beats may be reversed, and the contraction 
starting at the arterial part of the ventricle may pass to the 
auricles and then to the sinus. If clamps or ligatures are not 
applied sufficiently tightly one often . sees- partial blocking ; a few 
waves get through but not all ; or, if the ventricular wall is left 
connected with other parts of the heart , by only a small portion of 
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undivided muscular tissue, the effect is much the same ; the wave is 
only able to jmss the block every second or third beat. 

In the well-known Stannius eayperimcnt a ligature is tied between 
the sinus and the auricles, and causes the auricles and ventricle to 
stop beating since the impulse can no longer pass from the one to 
the other. This is known as the Stannius heart. A second ligature, 
however, between the auricles and ventricle causes the ventiicle to 
recommence beating at its own slow rate. The second ligature 
apparently acts as a mechanical stimulus by stretohing the fibres, 
since a similar effect may be brought about by increasing the 
weight of the cardiographic lever or by injecting fluid through the 
aorta (Michael Foster). Section has a similar stimulating effect. 
Gaskell carried out similar experiments using a clamp instead of 
a first ligature. 

In the mammal the foetal remnant of the sinus is called the 
sino-auricular node (Keith and Flack), and tliis acts as the pace- 
maker since its cells have a remarkable power of rhythmically dis- 
charging impulses. It is situated in the upper part of the sulcus 
terminalis near (in front) the entrance of the superior vena cava. 
If this part of the auricle is heated or cooled the heart-mte may 
be increased or decreased, but similar treatment of other parts of 
the heart does not produce this effect. It was indeed this fact 
which led to the discovery of the node. That the excitation-wave 
commences at the sino-auricular node has been fully demonstrated 
by Lewis by means of the string galvanometer which records the 
current of action of the heart. By placing electrodes on different 
parts of the heart he has shown that the electrical change occurs first 
at the node. 

The starting-point in our knowledge of spread of the excitation- 
wave to the ventricle m the mammal was the discovery by Stanley 
Kent of bands of peculiar tissue passing across from auricles to 
ventricles. The principal one was subsequently and independently 
rediscovered and fully described by His, and is known as the 
auriculo - ventricular bundle or bundle of His. Some animals, 
especially when young, have relics of a right lateral bundle (Kent). 
The auriculo-ventricular bundle arises from the auriculo-vontricular 
node which is situated in the right auricle just in front of the 
coronary sinus. It runs forward in the lower part of the inter- 
auricular septum to reach the membranous portion of the inter- 
ventricular septum behind the tricuspid valve; hero it courses 
along the upper border of the muscular part of the septum 
ventriculorum. The bundle divides into two main branches, right 
and left, one for each ventricle, that for the left penetrating the 
septum. The main branches continue towards the apex, branching 
as they go; their ramifications are connected with the network 
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of Purkinje fibres beneath the endocardium, which network is in 
turn connected with the main mass of ventricular muscle. The 
nodes and bundle are composed of modified muscle-fibres, inter- 
mingled with which are many non-medullated nerve-fibres, and are 
enclosed in a connective tissue sheath ; they receive blood by special 
arteries. The bundle is particularly rich in glycogen. There is no 
special strand connecting the sino-auricular and auriculo-ventricular 
nodes ; the wave of excitation initiated in the former spreads from 
it through the auricular muscle until it reaches the latter. The cells 
of the Purkinje tissue are peculiar in being striated only at their 
margins. They are large clear quadrangular cells with a granular 
protoplasm containing several nuclei, while the fibrillar continuity 
between the different cells is particularly well marked. 

The conclusion that the auriculo-ventricular bundle is the 
important link which propagates the rhythmic wave was reached 
first by experiments on animals, and second, by observations in 
disease in man. In animals, cutting through the bundle abolishes 
the ordinary sequence of cardiac events. The auricles go on beating 
as a result of the stimulus of the node, but the ventricles beat at a 
slower rhythm. The stimulus for' the ventricle is partly the rising 
venous pressure. 

When the bundle is destroyed by disease in man there is a 
similar dissociation between the auricular and ventricular rhythm, the 
ventricles beating slowly and the auricles rapidly. This condition is 
, known as heart-block, and in the early stages of the disease may 
' be incomplete ; then one out of every two or three auricular waves 
gets over to the ventricle, just as it does in G-askelhs experi- 
ments on the frog’s heart when the clamp is not sufficiently tight. 

, Such observations throw a good deal of light on the propagation 
of the normal heart-wave. The view generally held is that the 
wave starts in the sino-auricular node, and spreads thence to both 
auricles; it is picked up by the ventricular node of Tawara and 
travels to the ventricles by the auriculo-ventricular bundle, reaching 
first the papillary muscles, and thence the rest of the heart until 
it arrives at the apex ; finally it returns to the base of the heart 
in the region of the origin of the pulmonary artery, which is the 
representative of the bulbus aortae in the primitive heart. 

) 

The Histology of Cardiac Muscle. 

This has been referred to on page 50. The important point 
to emphasise is the intimate connection of all cardiac muscle cells 
with each other! This produces a syncytium which acts as a whole.* 

* Ifseems probable that this syncytium is not so complete in the mammal as in 
the frog, for it has been found that a part of the heart may not contract if a branch 
of the auriculo-ventricular bundle is injured. 
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Tbe Properties of Cardiac Miiscle. 

1. Rhythmicity is a fundamental property of the cells of 
cardiac muscle, and may be observed in a single cell when the 
cell has been grown outside the body in tissue culture (Carrel). 

2. The fact that the Stannius heart is quiescent has enabled 
physiologists to study the properties of heart muscle. -WTien the 
heart has been stopped for a little while and is stimulated artificially 
it shows a staircase phenomenon; that is to say, with the same 
strength of stimulus the first few contractions increase in size. 
This is the same as the “warming up” effect seen in voluntary 



Fio. 54.— Staircase from frog's heart. This w.aa obtained from a SUmnlus preparation; an Induction 
shock being sent Into it with every revolution of the cylinder (rapid rate). The contractions 
became larger with every beat. To bo read from right to left. 


muscle, but in the heart it is better marked. It must not be 
confused with increased contraction in striped muscle due to 
increased strength of stimulus. 

3. The “all or none” phenomenon. — By this is meant the fact 
that the amount of contraction docs not vary with the strength of 
the stimulus. A stimulus strong enough to produce a contraction 
causes a maximum contraction, because as wo have scon the colls of 
cardiac muscle are not separate like those of voluntary muscle, but 
are all linked together and act as a single muscle-fibrc. 

4. Refractory Period. — The heart-muscro has a long refractonj 
period; that is to say, after the apjdication of a stimulus, a second 
stimulus will not cause a second contraction until after the lapse 
of a certain interval. The refractory period lasts as long as the 
contraction period and on this account the heart-muscle can never 
be thrown into complete tetanus by n series of stimulations. The 
refractory period can also bo shown in a normally beating heart. 
If the heart is stimulated during systole no change is observed, but 
if the stimulus is applied during diastole, an extra sy stale is produced. 
If the normal stimulus from the auricle roaches the ventricle during 
this extra systole, it produces no effect and the heart appears to 
have missed a beat. This is known as the compensatory pause (fig. 55). 
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Missed beats in man are commonly due to similar extra systoles 
wliicli may be too small to be felt at the pulse but which may be 
heard by the stethoscope or demonstrated by the electro-cardiograph. 
The beat following the extra systole may be unduly large since the 
heart is filled with extra blood during the prolonged diastole. 

The importance of the refractory period becomes apparent when, 
for one reason or another, a source of stimulation occurs in the 
heart in addition ^ to the normal sinus beat. Whether or not this 
extra stimulus will excite the heart depends on the excitability of 
the heart at the time such a stimulus arrives. Sometimes such 



Flo. 65. —Record of frog's heart. For convenience the points of stimulation (shown by numbers) are 
shoivn in consecutive he-art-beats, but this would scarcely be possible in an actual experiment. 
(See text.) The normal stimulus of the sinus to the auricle is shown at A.. 


extra stimuli cause the auricle to contract either at great speeds 
or very irregularly. These conditions are respectively known as 
aiu'icular flutter and auricular fibrillation and are important clinical 
conditions. 


Auricular Flutter. 

Auricular flutter is a very rapid contractioh of the auricle which depends on the 
properties of cardiac muscle. 

If a ring (fiig. 56 A) of cardiac muscle is stimulated by an induction shock at a, 
the wave of excitation started there travels in the direction of the two arrows until 
they meet at b (B, C, D in figure), and when the two crests meet the whole ring is 
in the contracted state (dark shading). While it is contracted |;it is irresponsive 
to a second stimulus (refracto^ period). It then recovers in the same order and 
direction as shown in E, F, G, H, until the whole ring is once more responsive 
as shown by the absence of shading. If successive stimuli are applied, each 
one win elicit the same train of events, provided the time between the stimuli is 
sufiBciently long for recovery to take place. If a second stimulus occurs when 
the ring is in the state F, a fresh wave may be propagated at a, before the 
response to the first stimulus has subsided at 6. In these circumstances two 
waves will be moving through the ring as shown in fig. 57, I, J, K. Suppose 
next that the successive stimuli are thrown in at smaller intervals, the second 
wave may start well enough at a, and travels at first freely in both directions 
as before, but if recovery in the two halves of tte ring is different, in one half 
the wave reaches a point where the muscle is still refractory and so stops, but in 
the other half complete recovery may have occurred; this wave will go pn, and be 
able to get all the way round the ring, for by the time it arrives at the point which 
stopped the first wave, refractoriness will have disappeared there ; this single wave 
gets back to its starting-point, finds this muscle has also recovered and continues 
its course round and round the ring, a wave which has no ending. In this way the 
last stimulus of a series, the rate of which is carefully controlled, will initiate not 
a single contraction but a series of contractions. This is what is called circus 
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movement, a wave of response which travels continuously through a re-entrant 
path of muscle. It may in experiments last for hours. The rate of auricular 
flutter in man, as it is called, may rise to 230 to 250 per minute. In the more 
serious state of fibrillation the rate may be much greater. The value of the 
experimental circus movement is that it enables one to investigate the meaning 
of circus movement in disease. 

Flutter is due to continuously circulating waves, ■with centrifugal offshoots into 



Fia. 50.— The ring experiment. (After Lewis.) 


the rest of the cardiac tissue, and in man it lias been seen to continue unccasingl}' 
for many years. In order that the wave may be continuous, and always find the 
muscle it enters in the responsive state, the* duration of the refnictory perioel at 
any given point must always be less than tlic time spent by the travelling wave in 
completing its circuit, and tliis time will depend on two other factors, namely, the 
length of the circuit and the rate of travel. Treatment of the condition of llutter 



Fio. 57. — Tlio ring experiment. (After Lewis.) 


consists in administering a drug ■which increases the rate of conduction and 
the duration of the refractory phase so Umt tlic muscle has not yet recovered its 
excitability by the time the excitation arrives. The drug which' has so far been 
found most satisfactorj^ is quinidine. 

Auricular fibrillation is a condition of tlio auricles arising from 
severe damage to the auricular muscle in which its ordinary 
rhythmical contractions arc replaced by grossly irregular and fibrillar 
contractions of individual or groups of hbres. The auricles cease to 
function and the ventricles arc filled solely as a result of the venous 
pressure. The auricular irregularity leads to groat irregularity of 
the ventricles. 
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Ventricular fibrillation. — This is incompatihle with life ,and 
occurs commonly at the point of death. In -this condition the 
ventricle instead of contracting as a whole contracts and twitches 
irregularly in different parts at the same time and ceases, to act 
as a pump. Fibrillation is the cause of sudden death from an 
electric current. Immediate cardiac massage . or . the injection of 
calcium and potassium may bring about recovery in some instances 
if the damage is not too severa 

The Electro-Cardiogram. 

The muscular tissue of the heart gives rise on action to an. 
electrical disturbance which is in all essential features the same 
as the diphasic variation we have already studied in connection 
with voluntary muscle. The excised beating heart of a frog can 
be readily connected either to a galvanometer or an electrometer; 
a simple diphasic variation is recorded. 

It is, however, possible (as Waller first demonstrated) to obtain 
an electro-cardiogram in man if each hand is placed in a basin 
of salt solution connected to an electrometer. ‘ • . 

Since the heart-muscle is not a simple longitudinal strip like , 
a sartorius there is great complexity in the electrical record of the 
intact organ. Thus Bayliss and Starling described in the mammalian 
heart a triphasic variation, which Gotch has shown to be explicable 
in the following way. Leaving out of account complications due to 
auricular activity, he has shown that the contraction process in each 
ventricle and its electrical concomitant commence at that part of 
the base of the ventricle at which it is continuous with its respective 
auricle ; the contraction- wave travels to the apex and returns to the 
part of the base from which the aorta on one side and the pulmonary 
artery on the other side arise. An electrode placed on the base 
will therefore record the increased galvanometric negativity at the 
beginning and at the- end of the ventricular contraction ; the electrode 
on the apex will record the middle phase when the contraction-wave 
reaches that point and causes an increase of galvanometric negativity 
there. 

Eecords are usually taken with the string galvanometer but an 
oscillometer may be used. In electro-cardiography (fig. 83) the 
electrodes consist of vessels of saline solution into which the hand 
or foot is placed and in each of which there is a zinc electrode in a 
-porous pot of zinc sulphate. Such an electrode prevents polarisation 
(see p. 35). ' In clinical work it is customary to take records 
from three different sources or “leads.” Lead I consists of the 
two hands, lead II of the right hand and left foot (axial lead), and 
lead III of the left hand and left foot. The' different leads furnish 
information on the comparative activity of the two sides of the heart. 
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From what has been said in relation to conduction in the heart, 
we are in a position to understand the causation of the individual 
waves. The size of each varies considerably even in health, but in 
heart disease the electro-cardiogram shows very marked differences 
from the normal. 

The waves on the electro-cardiogram are explained as follows. 
The wave P, due to auricular activity, is followed by a pause 
before the waves which accompany ventricular systole occur. During 
this pause it is supposed that the excitatory-wave is travelling along 
the auriculo-ventricular bundle, the mass of which is too small to 
affect the galvanometer. The remaining waves accompany ventric- 
ular activity ; the final wave T indicates the arrival of the contraction- 

T. y 10 Secs, o 2 4 6 8 10 



Fio. 6S.— Eleotro-cardiogram obtained by photographing the movements of the thread of a string 
galvanometer. The electrodes were connected to two vessels of salt solution, In one of which 
the right hand of a man was placed; this would lead oil the Rase of the heart: in the other his left 
foot was placed ; this would lead off the apex of the heart. VTaves upwards Indicate that the base 
is galvanometrically negative to the apex; downward waves have the opposite meaning. 
Wave P accompanies auricular systole; waves Q, R, S, and T occur during ventricular systole. 
The time-tracing (T) shows tenths of a second. 

wave at the base. Diff'erent observers differ greatly in their 
interpretations of the waves Q, E, S. 

According to Lewis, the excitation-wave starts in the septum 
of the ventricles, travels down this to the apex, and from tlie latter 
up the lateral wall to the base. Throughout this passage the 
electrical axis constantly changes, and it is this change which 
is responsible for the complexity of the electro-cardiogram. The 
deflection E represents the negativity of the lead from the right 
upper limb; this is produced not by activity of the base, but by 
the active process passing down the septum before tbero is activity 
either at apex or base ; the deflection S is produced after the active 
change has finished in the septum and at the apex, that is to say, it 
is produced by activity at the base. Yet this deflection S represents 
relative negativity of the lead from the left lower limb. 

An important feature of the electro-cardiogram is that it gives 
definite information regarding tlic rate of the auricle compared with 
that of the ventricle, and the time taken for tho impulse to pass 
down the auriculo-ventricular bundle, as indicated by the PE 
interval. The polygi’apb (see p. 140) is used for a similar purpose. 
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Frequency of the Heart’s Action. 

The heart of a healthy adult at rest contracts 50 to 80 times 
in a minute; but many circumstances cause this rate to vary even 
in health.^ The chief are age, temperament, sex, food and drink, 
exercise, time of day, posture, atmospheric pressure, temperature. 



Fio. 59. — Knowlton-Starling heart-lung apparatus (after Hemingway). AC, arterial cannula ; 

E, air-chamber, to give elasticity; H, heating apparatus; O, outlet for determination 
of output (when determining output this clip is opened for a given time and outlet to 
venous reservoir closed); P, to pressurelbottle ; K, peripheral resistance (dotted line 
shows position during increased resistance); VC, venous cannula; VR, venous reservoir; 

VP, manometer to record venous pressure (regulated by:Bcrew clip on tube from reservoir) ; 

AP, manometer to record arterial pressure. 

In regard to other animals than man, it may be stated generally 
that the smaller the animal the more rapid the heart-rate since the 
metabolic rate in small animals is much greater than in large animals. 
{See Metabolism.) ' . - 

The frequency of the heart's action gradually diminishes from the 
commencement to near the end of life, thus : — 

Before birth the average number About the' seventh year . from 90 to 85 

of pulsations per minute is . 160 About the fourteenth 

Just after birth . . from 140 to 120 year . . . . . 85 to 80 

During the first year . .. 130 to 115 In adult age . . . ,, 80 to 50 

During thf second year ., 115 to 100 In old age . . . „ 70 to 60 
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In health there is a uniform relation between the frequency of the 
heart-beats and of the respirations ; the proportion being 1 respiration 
to 4 or 5 beats. The same relation is generally maintained when 
the action of the heart is naturally accelerated, as after food or 
exercise; but in disease this ratio may be upset. The rate of the 
heart depends on the pace-maker, which, as we shall see later, may 
vary its activity especially in relation to exercise. 


The Output of the Heart.- 

It is evident that the output of the heart is of the utmost import- 
ance in maintaining the circulation. Since the output of the heart 
indicates the rate of the circulation and is presumably determined 
by the needs of the body in relation to the supply of oxygen, its 
estimation, if a convenient and trustworthy means could be found 
suitable for man, might be of value in determining not only the 
needs but also the adaptation of the circulation in pathological 
conditions. 

Several methods for the investigation of the cardiac output of 
animals have been devised, but in actual practice only a few have 
been generally retained. 

The Heart-Lung Preparation (Knowlton and Starling). — ^Tliis 
method consists essentially of cutting out the systemic circulation by 
joining a branch of the aorta to the superior vena cava, all the other 
systemic arteries and veins being tied off. In this way all possible 
variables outside the heart may be accurately controlled. In order 
to prevent the blood flowing with abnormal freedom from the artery 
to the vein and to maintain a' pressure in the system (see Blood- 
Pressure), an artificial variable resistance in the form of a readily 
compressible tube is introduced, while elasticity is also given to the 
artificial system — to simulate natural conditions. The output of the 
heart may readily be measured by allowing the blood to collect for 
a measured period of time in a cylinder beyond the resistance. A 
diagram of the apparatus is shown in fig. 59. 

The value of this method lies in the fact that the tilling o’f 
the heart and the peripheral resistance can bo controlled. It gives 
therefore valuable information regarding the heart isolated from the 
rest of the body. 

Oardiometcr Mctliod . — In the intact circulation the method which 
is adopted is that introduced by Boy. The heart is placed in 
an air-tight chamber connected with a ]>iston recorder (lig. 60). 
During diastole the heart takes up more space and a corresponding 
amount of air is driven into the recorder. Tho recorder is staiulardised 
subsequently by running fluid into it fnun a burette and a measure 
is thereby obtained of the output per beat. By counting tho beats 
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and multiplying the number by the output' per beat we find the 
output per minute (fig. 61). 

The method is of special value in ascertaining whether or not 
a change in arterial pressure, say, due to a drug, is due to a change 
in the output of the heart. 

In this way it can be demonstrated that the output of the heart 
depends primarily on the venous inflow, i.e. the amount of blood 
entering the heart in diastole, and that, quite apart from changes 
in rate, the heart is able to vary its output and the work it does 
according to requunments. This it does in virtue of the fact 



Fio. 60. — Cardiometer— composed of piston recorder (Ellis) and heart chamber. The 
. chamber is made of glass. One opening leads to the recorder and the heart is inserted into 
the other. In some forms the latter has a thin rubber diaphragm -n'liich has a hole in the 
centre and which fits accurately round the base of the heart, but in other forms the heart- 
fits into a thin rubber sheath (as shown) which does not impede its action. For longer 
records the rubber is perforated at the apex and the chamber has an Inferior opening by 
which pericardial fluid may be drained away (Hemingway). . 


that the greater the initial length of the fibres, i.e. the greater 
the fillin g, the more forcible their contraction. This has been 
called by Starling (1918) the Law of the Heart, but it is applicable 
to muscle generally. Starling was . Professor of Physiology at 
University College, Londom 

A rise in blood-pressure within normal limits caused by increasing 
the resistance (E in fig. 59) makes no difference to the output except 
for a few beats. At first the heart fails to drive out its contents 
adequately, but if the venous inflow is maintained this -is added to 
the retained blood to distend the ventricles which consequently 
contract more forcibly and overcome the resistance. This is .an 
important provision in the mechanism of the heart since there is 
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Fio. 61.— A record allowing the effect of the tcdous pressure on the output of the heart. A raising 
of the vcnoua pressure causes a marked increase in the output per beat and per minute. 
(See text.) The upper tracinc is a c-ardiometer record, the lower a record of venous p.-essure 
In a heart-lung preparation (by Ilemingsvay). To study the rate of change in the heart- 
volume during a single be.at an optical record Is necessary. 


an increased resistance during exorcise when it is important that 
the output should be maintained or increased. 

The rate of the heart makes no difierenco to the output if the 
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venous inflow is low; but if this is reasonably high, as it usually is 
in the body, a change in the rate modifies the output. The reason 
for this is as. follows : The heart increases its rate by shortening 
diastole, hut it is evident that such shortening may have the effect 
of decreasing the time for filling. When the venous inflow is low, 
or the heart-rate very fast, this is actually so, with the result thati 
although there may be an increased number of beats, the output per 
beat may be diminished and the output per minute may therefore 
be unchanged or even reduced. On the other hand, when the venous 
inflow is of normal amount, the heart fills in the early part of 
diastole and a shortening of the latter does not therefore seriously 
reduce the filling per beat. Since the output per beat is unchanged, 
an increased rate increases the output per minute. These facts may 
readily be demonstrated in an animal. If the blood-pressure is 
recorded and the rate of the heart varied by heating the pace-maker, 
a rise of blood-pressure results. On the other hand., if the animal 
is bled sufficiently (a procedure which, for reasons described later, 
lowers the venous pressure) such a variation of the heart-rate makes 
no difference to the blood-pressure. 

These facts can, however, really be inferred from a study of 
the volume i changes in the heart taken by means of a cardiometer 
(fig. 60). In the intact animal it is evident that the venous 
inflow will depend on the venous return. This is discussed 
later. 

These facts have a considerable practical importance since 
in disease such as hyperthyroidism the heart-rate may reach 
180 per minute. It has been found that the diastolic volume 
of the heart begins to decrease slightly at 80 per minute, but the 
increased rate maintains the output until 120 is reached. In 
exercise the reduction of diastolic volume is prevented by the 
increased venous return which occurs at the same time as the 
cardiac' acceleration. 

In man it is obvious that such methods cannot be used and, 
unfortunately, no convenient trustworthy method is yet available. 
Probably the method of Douglas and Priestley is the best. The 
amount of carbon dioxide in 100 c.c. of venous blood is estimated 
and compared with that in 100 c.c. of arterial blood. The difference, 
normally about 4 c.c., is that lost by 100 c.c. in passing through the 
lungs when the body is at such rest as is obtainable under experi- 
ment. By finding the total amount of carbon dioxide given off in 
a given time, we can arrive at the number of c.c. of blood which 
must have passed through the lungs to have lost this amount of 
COg. This amotmt really represents the output of the right ventricle 
which is the same as that of the left. Por example^ if a man gives 
off 225 c.c. of carbon dioxide per minute and each 4 c.c. is given off 



120 


PHYSIOLOGY OF TUB HEART 


[CH. XII. 


in the lungs by 100 c.c. of blood, then 5625 c.c. of blood per minute 
must have flowed through the lungs. The difficulty in the method 
lies in obtaining a sample of mixed venous blood. This is necessary 
as the venous blood from different parts of the body contains different 
amounts of carbon dioxide and oxygen. In animals a sample of the 
mixed venous blood may be obtained by a needle plunged into the 
right ventricle, but in man this is not generally risked, although it 
has been done in Germany. Good results have, however, been 
obtained by passing a catheter down the jugular vein to the right 
auricle (Eichards and others). This appears to be a safe procedure. 

Another and more usual method of obtaining the COo eontent of 
the mixed venous blood in man is indirect and described in relation 
to Eespiration. 

A rough estimate of the cardiac output can also be obtained 
from our knowledge of the oxygen content of the mixed venous 
blood by finding the amount of oxygen taken in by the lungs 
per minute and calculating the amount of blood which must have 
passed through the lungs to have taken up this amount of oxygen 
(Fiek). In this calculation it is assumed that in order to convert 
the mixed venous blood into arterial blood, 5'5 c.c. of oxygen should 
be taken up by 100 c.c. of blood. Several other methods depend 
on a similar Fiok principle but an abnormal gas is used, c.g. nitrous 
oxide (Krogh), ethyl iodide (Henderson), of which the solubility in 
blood is known. 

In a fasting man at rest the cardiac output, ix. of each 
ventricle, is estimated at about 3 to 5 litres per minute, but in 
severe exercise it may be increased to over 30 litres per minute — 
a most remarkable performance for such a small organ. 

The output of the heart is increased when food is taken and 
may be doubled by a heavy meal. 

The output of the heart it is obvious must, other factors being 
equal, depend on the eflSLciency of the heart as a muscular pump. 

The power of the heart to increase its output is called the cardiac 
reserve, and is of considerable clinical importance. It is appreci- 
ably reduced in cardiac disease because some of the reserve is utilised 
in overcoming the pathological defect, c.g. disease of a valve, or of the 
cardiac muscle; less is therefore available for exercise, and symptoms 
of cardiac impairment, c.g. breathlessness on slight eftbrt, are produced. 
In severe cases all the reserve is used up and exercise is impossible. 
In less severe cases the amount of exercise which can bo done 
without discomfort is a measure of the cardiac efficiency. 

In addition to this immediate power of adapting itself to require- 
ments, the heart, like any other muscle, undergoes considerable 
hypertrophy (increase of muscular substance) if increased work is 
done for a considerable time. This is of great importance in practical 
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medicine, since in vahnilar disease of the heart, when a valve is 
leaking or obstructed, the efficiency of the heart depends on its power 
to compensate in this way. 

The hypertrophied cardiac muscle if healthy continues to be 
capable of driving out the contents of the ventricles in spite of the 
failure of the valves— provided this is not too great and time is 
allowed for the muscle to adapt itself to the extra work. 

In conclusion, it may be pointed out that the mere determination 
of the output of the heart gives very little exact information regarding 
the cause of any cliauge in blood-pressure such as might be produced 
by a drug, as the output depends on two factors, the venous filling 
and the cardiac efficiency, each of wliich may vary independently. 
Thus a diminislied output of the heart might be produced by a drug 
wliich increased the capacity of the circulation, lowered the venous 
pressure, and reduced the cardiac filling. 


The Pericardium. 

This we have seen is a sac enclosing the heart. The pericardium 
consists of two layers, one fibrous and one serous. The inner 
serous layer becomes continuous with the serous covering of the 
heart or epicardium ; the outer fibrous layer of the pericardium is 
attached below to the diaphragm, the partition between the thorax 
and the abdomen. The sac formed by the junction of the serous 
layer of the pericardium and the epicardium contains just enough' 
lymph (pericardial fluid) to lubricate the two surfaces and enable 
them to glide over each other smoothly during the movements 
of the heart. The presence of numerous elastic fibres in the 
epicardium enables it to follow without hindrance the changing 
shape of the heart itself ; but the parietal layer of the pericardium, 
surrounded as it is by a fibrous layer (fibrous pericardium), appears 
to be inextensible, and so limits the dilatation of the heart. Its 
obvious function is to prevent over-distension of the heart, since 
if the organ is filled beyond a certain limit its fibres will act 
at less mechanical advantages; but since it has been found, post 
mortem, that the pericardium may have been absent or seriously 
raptured without serious symptoms before death, it has been 
suggested that its function is to prevent the heart from changing 
its position with changes in posture. It has^ been shown by 
Biljsma, however, that the pericardium plays an important part in 
limiting the size of the heart and in preventing it from being 
over-distended in exercise. He has shown that the response to 
' increased filling is diminished if the pericardium is removed.^ 

' * If on the other hand the pressure in the pericardium is very slightly increased 

a serious interference with cardiac filling occurs and may result in death in xna 
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When the cardiac valves are diseased and the heart becomes 
enlarged the pericardium- necessarily enlarges also as a result of 
sxistaimd stretching. 

Work and Gaseous Exchanges of the Heart. 

The heart’s work consists in discharging blood against pressure 
and in imparting velocity to it. The former will clearly depend 
on the output of the heart and on the various factors which influence 
blood-pressure, the latter on the blood-pressure. Without going into 
the somewhat elaborate calculations obtained from these and other 
data, it will be sufiScient to say that of the total energy of the 
heart is used in imparting velocity to the blood, but when the blood 
reaches the aorta the velocity is so checked that the kinetic energy 
of the blood in the aorta is only about of the total imparted by 
the heart. 

It will be observed that the work done by the right side of the 
heart is very much less than that done by the left, but when there 
is disease of the mitral valve the right ventricle is increased in 
size, and its work approximates that of the left. 

On the work of the heart depends its gaseous exchange. 

Gaseous Exchanges in the Heart — The using up of oxygen by 
the living heart was well illustrated by an old experiment of 
Yeo’s. He passed a weak solution of oxyhtemoglobin through the 
excised beating heart of a frog, and found that after it had passed 
through the heart, the solution became less oxygenated and venous 
in colour. 

This is still better shown by Barcroft and Dixon who estimated 
the gases in the blood entering and leaving the coronary vessels of 
a cat. It was found that the metabolism in the heart tissue was 
reduced during vagus inhibition; this was followed by increased 
metabolism during the subsequent period, wliich corresponds to the 
increase of visible activity which then occurs. Similar results were 
obtained by Lovatt Evans on the heart-lung preparation of the 
dog. He found that the oxygen usage was varied with the output 
of the heart and the diastolic blood-pressure against whicli it had 
to be expelled, i.e. the work done by the heart. 

It is possible by studying its gaseous exchange to arrive at an 
idea of the efiiciency of the heart. This has been done by Evans 
on the heart-lung preparation. It has been shown that the oxygen 
consumption of the heart bears a direct relationship to its diastolic 
volume, that is, with a constant heart-rale the oxygon consumption 
may be increased by merely increasing the filling. There is, however, 
a point of maximum efficiency beyond rvhich the oxygon consumption 
rises out of proportion to the output. 
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Since, as is evident from the experiment quoted above, a change 
in the heart-rate affects its oxygen consumption, it is of interest 
remark that there is evidence wliich indicates that it is more 
economical for the heart to increase its output per minute by 
greater work per beat than by an increased rate. This fact illustrates 
the importance of the nervous cardio-inlnbitory mechanism, which 
. prevents the heart from beating any faster than is necessary for a 
given inflow. 


The Nutrition of the Heart. 

In the lower vertebrates, e.g. the frog, the heart is nourished 
directly from the blood passing through it, but from the reptiles 



onwards there is developed a special blood-supply in the form of 
the coronary vessels. 

Ligature of the coronary arteries causes almost immediate death ; 
the heart, deprived of its normal blood-supply, beats irregularly, goes 
into fibrillary twitchings, and then ceases to contract altogether. 

If a frog’s heart is simply excised and allowed to remain without 
being fed, it ceases to beat after a time varying from a few minutes 
to an hour or so. But if it is fed with a nutritive fluid, it will 
continue to beat for many hours. Drugs may be added to the 
perfusion fluid, and their effects noted. The fluid may be passed 
through the heart. The frog’s heart, it should be remembered, 
possesses no coronary vessels ; the spongy texture of the cardiac tissue 
enables it to take up what it requires from the blood in its interior. 
The fluid may be caused to flow into the heart from the aorta or the 
vena cava and a record taken from the apex in the usual way. 

A simple method is that of Symes, in which the heart is made 
to move a lever by means of a hook in the apex ; in this case the 
cannula is a simple one and is introduced into the auricle. 

' The best nutritive fluid to employ is imdoubtedly the natural 
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fluid, the blood. But in order to use blood there are practical 
difficulties; it is difficult, for iustance, to obtain much blood from a 
frog; it is difficult to prevent it from clotting, and. if agents are . 
added to check clotting, such agents usually act deleteriously on the 
cardiac tissue. The blood of another animal may not be altogether 
innocuous, and this is specially the case if that blood has been pre- 
viously whipped, and the fibrin removed. It was, however, found 
by Einger that a solution of the inorganic salts of sodium, calcium, 
and potassium in the proportions occurring in the blood will maintain 
cardiac activity for a long time without the addition of any organic 
material (This is known as Ringer’s solution.) These salts 
are not nutritive in the strict sense, but they constitute the 
stimulus for the heart’s action. Howell has shown that such an 
inorganic mixture is especially efficacious in throwing the sinus or 
venous end of the heart into rhythmical action. The normal 
stimulus for the starting of the heart-beat is thus to be sought in 
the mineral constituents of the blood. These mineral compounds in 
solution are broken up into their constituent ions; and of these, 
sodium-ions are the most potent in maintaining the conditions 
that lead to irritability and contractility. A solution of pure sodium 
chloride, however, finally throws the heart into a condition of 
relaxation; and it is necessary to mix with it small amounts of 
calcium-ions to restrain this effect. Potassium is not absolutely 
necessary, but it favours relaxation during diastole. Calcium, on 
the other band, is the element which produces and is necessary for 
contraction, and if present alone or. in excess, Avill produce an 
extreme contraction known as calcium rifjor. 

The Excised Mammalian Heart. — Tlio mammalian heart can 
also be kept alive and active after it has been excised. Its usefulness 
not only in reference to the metabolism occurring during normal 
cardiac actmty but also from the pharmacological point of mew, is 
obvious. 

In order to maintain the action of the excised mammalian heart, 
certain precautions must be taken — 

1. The perfusion fluid must be at or about body tempera- 
ture (37"-39° C.). 

2. It must chculate through the coronary vessels. 

3. It must be well oxygenated. 

As before, living blood is the ideal fluid for perfusion, but the 
practical difficulties in its use are so great, that a modification of 
Ringer’s fluid is usually employed. On this fluid the heart will 
continue to beat for many hours, but it will beat longer (sometimes 
several days) if a little glucose is added to the solution. "\Ve owe 
this modified fluid, and the oxygenation alluded to above, to Locke ; 
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the perfusion fluid now universally employed is callerl Uino-o 
Locke’s solution and has the following oompSion ® ■' 

Pure distilled water * i no o „ 

T*,, 1 1 • 1 * • xuu c.c. 


Sodium chloride . 
Potassium chloride 
Calcium chloride 
Sodium bicarbonate 
Glucose . 


0‘9 gramme 
0-042 „ 

0-024 „ 

0-02 „ 
0-1 


Locke investigated other sugars besides glucose, but no other 



Fig. G3. — Apparatus for perfusion of tlie mammalian heart. Warmed perfusion fluid is poured through 
P into the large glass flask, oxygenated by bubbling oxj'gen through it from O and kept warm 
by the water-bath heated by the lamp H. A tube passes through the cork 0 in the bottoms of- 
the flask and bath and conveys the fluid to the heart. B, which is outside the bath, indicates 
cdnveniently the amount of fluid in the flask when the clip is opened. , T = thermometer. 
L = writing lever applied to drum. 

has the same favourable effect; fructose is better than most other 
sugars, but not nearly so good as glucose. 

* Freedom from metals and distillable products is essential. 
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A mammal such as a cat* or rabbit is killed by bleeding or 
pithing. The heart enclosed in the pericardium is quickly cut out, 
and gently kneaded to free it from blood in some warm Locke’s 
solution. The pericardium is then dissected off, and a cannula tied 
into the aorta; this is connected to a burette which is kept full of 
Locke’s solution. The solution is maintained at body temperature 
by a warm water-jacket, and is well oxygenated by letting oxygen 
bubble through it. The fluid is then allowed to flow; its pressure 
closes the aortic valves, and so the fluid enters the coronary arteries, 
and escapes from the right auricle, which should be freely opened. 
Under these conditions the Jaeart will continue to beat for many 
hours. A graphic record may be obtained by putting a small hook 
into the apex, and attaching this by a thread to a recording lever 
beneath it. A very good illustration of the usefulness of the method 
for demonstrating the action of drugs consists in adding a small 
amotmt of chloroform to the circulating fluid : one notices its 
immediate depressant effect; on the other hand, a minute dose of 
adrenaline markedly increases the rate and force of the lieart. 

The Coronary Oirculatibn. — The heart normally is nourished 
by blood which supplies its muscle by way of the coronary arteries. 
This circulation is dealt with later. 


The Nutrition of Blood-Vessels and of Tissues generally. 

The smaller blood-vessels are nourished directly by their 
contents but the larger vessels with thick walls have minute 
vessels running into their substance. These are known as the 
vasa vasorum. 

What has been said of the heart pertains also to blood-vessels. 
In order to keep blood-vessels alive after the animal has died, and 
in a state to respond to drugs, they must be bathed in some such 
solution as Einger’s, For most purposes a fluid containing about 
a quarter the calcium in Eingcr’s solution gives good results. Eings 
may be cut from a large vessel and attached to a delicate lever, 
or the fluid may be passed through the vessels under pressure and 
the rate of flow or the resistance to the flow measured. It can be 
shown in this way that calcium is as essential for the contraction 
of smooth muscles as it is for the heart. 

It is certain that all tissues require similar nourishment, but 
some need more oxygen than others and some, such as nerve-cells, 
are exquisitely sensitive to changes in hydrogen-ion concontiation. 
Hence it is extremely difficult to keep the central nervous system 
alive after the normal blood supply has failed. For this reason the 

* For tlie cat less calcium is often an advantage. 
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nervous system dies extremely rapidly at death. The power of 
recovery of the different parts of the brain has been investigated by 
shutting off the blood supply, and it has been found that the higher 
parts are the first to suffer permanent damage as indicated by their 
failure to recover. 

For sustained nutrition many other elements are necessary to 
repair worn-out tissue. The substances necessary to effect such 
repair are discussed later in the section on Metabolism. 

References. — On the output of the heart, Bainbridge, Starling, Grollmann. 
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THE CIRCULATION' IN THE BLOOD-VESSELS 

The movement of the blood from the heart through the arteries, 
' capillaries, veins, and hack to the heart, depends on the head 
of pressure produced by the pumping action of the heart. In the 
succeeding pages we shall see how the intermittent movement 
imparted to the blood is converted into a constant flow through 
the delicate capillaries, and why the arterial blood-pressure is 
kept up while the heart is filling. 

The blood-pressure has the same purpose as the pressure in gas- 
or water-mains, namely, it ensures adecpiate distribution in varying 
circumstances and, as we shall see, should it fall in man below a 
certain critical level serious consequences ensue. 

The Arterial Blood-Pressure and its Maintenance. 

Eor purposes of description it is convenient to enumerate first 
the factors which maintain the arterial pressure. These arc : — 

1. The volume of the blood pumped out by the lieart. 

2. The peripheral resistance to the flow of blood from ' the 
arteries. 

3. The elasticity of the blood-vessels. 

In order that we may understand bluod-pressurc, it’ is necessary 
to consider some of the general laws of fluid pressure. 

Let us consider the simple case of a fluid flowing from a reservoir, 
R (fig. 64), along a tube, which- is open at the other end. 

In the course of the tube a number of upright glass tubes 
are inserted at equal distances. Tlio upright tubes which measure 
the lateral pressure exerted by the fluid on the wall of the main 
tube, are called viavoinctcrs. Between C and 13, a tap T can bo 
opened or shut at will. If the tap is closed tlioro will naturally 
be no flow of fluid, and the fluid will rise to equal heights in the 
upriglit tubes A, B and C. 

If now the tap is opened sliglitly, the fluid flows on account of 
the difference of pressure brought about by gravitation ; the height of 
the fluid in the manometers indicates that tho pressure is greatest 
in R, less in A, less still in B, and least of all in E. 

On account of tho resistance of the tap, the ditTeronco between 
128 
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D and 0 is much more marked than the ■ difference between ■ B and 
A. If the fluid winch flows out of the end of the tube is 
collected and poured back into B, we complete the circulation. 

The model serves to illustrate an important factor in the main- 
tenance of the blood-pressure, namely, the peripheral resistance 
to the flow of blood from the arteries. This may be varied by 
means ^ of the tap T ; if the tap is tightened, one imitates increased 
constriction of the peripheral vessels ; if it is loosened, one imitates 
dilatation of the vessels. If the tap T is not quite closed, the 
arterial pressure (in A and B) rises, and the venous pressure (in 



D and E) falls. If it is closed entirely, the fluid, in A and B rises 
to the same level, as that, in E; the pressure of E is not felt at 
aU by D and E, wliich empty themselves, and the flow ceases. If 
the tap is freely opened, the arterial pressure falls, -and the venous 
pressure rises. 

Measurements of the blood-pressure in various vessels indicates 
that the main peripheral resistance is in- the region of the 
arterioles ; but since the capillaries are not all open in a resting 
tissue they must also contribute largely to the resistance. The 
truth of this assumption has been demonstrated when the arterioles 
are dilated; the dilatation of the capillaries by the drug histamine 
causes’ a diminution of the peripheral resistance (Dale and Eichards). 
The peripheral resistance or frictional resistance to the blood-flow 
depends on the calibre of the peripheral vessels and the viscosity 
of the blood. • The former, however, varies very much from time 
to time. ^ 

How the peripheral resistance and the elasticity of the vessels 

' . E 
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act together to maintain the pressure between the heart-’beats, that 
is the diastolic pressure, may readily he shown by the model 
represented in fig. 65. 

The heart (H) is represented by bulb syringe with valves (V) which 
is worked by the hand, and the vessels by tliick mbher or glass 
tubing. E is a screw-clip which can he varied at will. F is a football 
bladder full of fluid which can he shut olf by means of clip G-. 
M is a mercury manometer to measure pressure. 

If clip E is open and G closed there is a small pressure during 
the time the bulb is squeezed, and the flow is intennittent. If E is 



Fio. C5.— Diagram of model to illastrato tlic parts played by U, js'riplieral rwialance, and F, tb» 
elasticity, in maintaining a pressure in tbo mercury manometer, M. The pump (IP >1 
syringe with valves, and F is a footlnll bladder. 


now tightened the variations in pressure (j\I) are greater but the flow 
is stiU intermitteut aud greater force is necessary to empty the bulb. 

If now the ‘clip G is opened the benefit of adding the elasticity 
to the system is seen. It becomes easier to empty the bulb, and the 
fluid which cannot escape past E distends the bag F wluch recoils 
dm'ing the refilling of H. The fluctuations in pressure are no 
longer so great and the flow from E is now continuous. By 
experiment we can show that the tighter E is screwed the higher 
is the mean pressure. A similar experiment may bo made with 
the familiar war-time stirrup-pump in which the nozzle corresponds 
to the peripheral resistance and the jet indicates the blood-pressure. 

The vessels in the body ai’e not rigid but elastic tubes. When 
therefore at each beat the left ventricle forces out some SO c.c. of 
blood into an already full arterial system the vessels are distended, 
while when the heart is refilling the vessels recoil to keep up the 
mean arterial pressure and the flow beyond the arterioles continuous. 
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In the- body the elasticity is not localised to any particular part 
of the system as in the model, but is generalised. It is supplied by 
the elastic and muscular tissue' in the walls of the vessels themselves. 

The- resistance corresponding to E of the model is supplied by 
the arterioles, the relatively thick muscular walls of which are under 
the control of nerves and in health are kept constantly in a state of 
partial contraction or tone which may be varied from time to time. 

By assisting to maintain the diastolic pressure the elasticity of 
the system plays an important part in converting the intermittent 
flow in the arteries into a continuous flow in the capillaries. But for 
this we.might feel the throb of the pulse-beat. If, however, a tissue 
becomes inflamed its arterioles dilate and the tissues become tense 
because of congestion with fluid and blood. The throb of the arteries 
is then transmitted to the nerve- endings. This is why we may feel 
throbbing in a septic finger or tooth. 

The volume of blood pumped out per beat has been discussed 
fully in relation to the output of the heart. It depends primarily 
on the extent*to wliich the heart is filled, and -this in turn depends on 
the venous return and on the rate of the heart. 

Summary. — We may then summarise by saying that the arterial 
pressure is maintained by the heart pumping into an elastic system 
of vessels more blood than can escape during the time of each 
contraction ; the elastic vessels are distended and recoil during the 
filling of the heart. Thus the arterial pressure' is prevented from 
failing appreciably between the beats, and an intermittent flow 
produced by the heart is converted into a constant flow in the 
capillaries. 

Recording the Blood-Pressure in Animals. 

The fact that the blood exerts considerable pressure on the 
arterial waUs may be readily shown by puncturing any artery ; the 
blood is propelled with great force through the opening, and the jet 
rises to a considerable height ; in a small artery, where the pressure 
is lower, the jet is not so high as in a large artery : ^ the jerky 
character of the outflow due to the intermittent action of the 
heart is also seen. If a vein is similarly injured, the blood is 
expelled with much less force, and the flow is continuous, not 
intermittent. 

The first to make an advance on tliis very rough method of 
demonstrating blood-pressure was the Eeverend Stephen Hales, rdcar 
of Teddington (1722), He inserted, using a small brass tube as a 
cannula, a glass tube at right angles to the femoral artery of a horse, 
and noted the height to which the blood rose in it.^ This is a method 
like that which we used in the first model described (fig. 64). The 
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blood rose to the height of about 8 feet, and having reached its highest 
point, it oscillated with the heart-beats, each cardiac systole causing 
a rise, each diastole a fall. Ha-les also noted a general rise during 
each inspiration. The method taught Hales these primary truths in 
connection with arterial pressure, but it possesses many disadvan- 
tages ; in the first place, the blood in the glass tube very soon clots, 
and in the second place, a column of liquid 8 feet high is an 
inconverdent one to work with. 

The first of these disadvantages was overcome to a great extent 
by Yierordt, who attached a tube filled with saturated solution of 
sodium carbonate to the artery, and measured the blood-pressure 
by the height of the column of this saline solution which the blood 
would support. 

The second disadvantage was overcome by PoiseuUle, who intro- 
duced the heavy hquid, mercury, as the substance on wliich the 
blood exerted its pressure; and the U -shaped mercurial manometer 
was connected to the artery by a tube fiUed with sodium carbonate 
solution to delay clotting. 

The study of blood-pressure was not, however, satisfactory before 
the introduction by Carl Ludwig (1847) of the Kymograjih in which 
Poiseuille’s h(emodynam.omeicr was combined with apparatus for 
obtaining a graphic record of the oscillations of the mercury. 

Ludwig, who was Professor of Physiologj’ in Leipzig, is looked 
upon as the father of the graphic method of making observations 
which is so much more reliable than \’l5nal observation only. 

A diagram of the apparatus is given in fig. G6. 

An artery is exposed, ligatured at its distal end, and clamped, 
so that no hemorrhage occurs ; it is then opened, and a glass cannula 
is inserted and tied in. The form of cannula o usually employed 
-(Franqois Franck’s) is shown on a larger scale; the narrow part is 
tied into the artery towards the heart; the cross-piece of the T 
is united to the manometer; the third limb is provided with a 
short piece of india-rubber tubing which is kept closed by a clip 
and only opened when the cannula is being filledfat the beginning 
of the experiment or if the presence of a clot necessitates the 
washing out of the cannula. 

The tube by means of which the cannula is united to the man- 
ometer is made of tliick rubber, so that none of the arterial force 
may be wasted in expanding it. The tube, canirula, and proximal 
limb of the manometer are all filled with a saturated solvation of 
sodium bicarbonate, sodium sulphate, or other salt which will mix 
with blood and delay its clotting. This is coi\tained hr a bottle 
some feet above the apparatus so that it can bo supplied under 
pressure to the proximal limb of the manometer. Before the chp 
is removed from the artery, the pressure is raised by opening clip 
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B so that the merciuy rises in the distal limb to a height iust 
greater than that of the ^ anticipated blood-pressui’e ; this prevents 
blood passing too freely into the cannula when the arterial clip is 
removed. 


To Pressure 



^la. 66.— The kymograph. A piece of an artery BV is exposed, conveniently the carotid, in the 
neck, and its peripheral end tied off. A clip. A, is placed on the artery which is then opened 
and the cannula inserted and tied in. (The ligature is not shown in the figure.) The tubing from 
the mercury manometer is now connected to the cannula and the tubing filled with fluid under 
pressure equal to that expected by opening clip B and closing clip C. Clip B is closed and by 
taking off clip A the artery is put in direct communication with the manometer. BP = blood- 
pressure tracing. T, electro-magnetic time marker and zero of blood-pressure tracing. F, float 
of mercury manometer. BV, artery. To wash out the cannula, clip A is applied, and clips B 
and C opened (McDowall). 

In the distal limb of the U-tube, floating on the surface of the 
mercury, is a float, from which a long wire extends upwards, and 
carries a stiff piece of parchment which writes on a moving surface 
covered with smoked paper. When the arterial clip is removed, the 
writing-point inscribes waves (see figs. 66 and 67), the large waves 
corresponding to respiration (the rise of pressure in most animals 
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accompanying inspiration),* the smaller ones to the individual 
heart-beats. The blood-pressnre is really twice as great as that 
indicated by the height of the tracing above the zero, T, hecanse if the 
manometer is of equal bore throughout, the mercury falls in one 
Kmb the same distance that it rises in the other ; the true pressure 
is measured by the difference of level in the two limbs of the 
manometer (fig. 66). ^ 

It will be observed that the heart-beats indicate that in/ large 
arteries there is a considerable fluctuation in pressure between the 


B P, 140 mm 



m. 





ric. 67. — Tracing of arterial blood-pressuro (B-rO obtained with a mercurial manometer attaclied 
to a cat’s carotid. Tbo smaller waves arc licart-bests, wliicb arc set on larger ones due to tbe 
rcsoiratoiy movements recorded below. The animal was breathing slowly (McDowall). 

systole and diastole of the heart. The limits of each are known as the 
systolic and diastolic pressures respectively. With a mercury mano- 
meter, the inertia of the mercury reduces the difference (the pulse 
pressure), which in man may be as much as 50 mm. Hg. The full 
extent of the pulse pressure may be recorded by a rapidly moving 
optical manometer such as that of Piper or Wiggcrs already 
referred to on p. 102. Tlie usual method is to construct a scale 
showing the extent to which the spot of light moves with each 
10 mm. Hg rise in pressure. 

The measurement of tlie pressures in the veins and capillaries 
is dealt with in later sections. 

Arterial Blood-Pressure in Man. 

A special apparatus known as a sphygmometer is used for the 
measurement of blood-pressure in man. Martin’s modification of 

* The explanation of the respiratory curves on the tracing is postponed till 
after we have studied Respiration. 
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Biva-Eocci’s apparatus consists of a four-sided elastic bag about 
four and a half inches wide, and long enough to encircle the arm. 
it IS wrappod round tho arni, and outside it a cuff of strong canvas 
is firmly strapped. Air is forced into the bag by a tube leading 



Fio. 6S. — The subject’s hand is best supported by a table to promote relaxation of muscles. The 
stethoscope is applied at S. The pressure on the arm-oufl’ is naised by rhythmically compressing 
the bulb and Is shown on the manometer. It is pointed put that more elaborate varieties of such 
apparatus have to be calibrated against such a simple U-^uhe of uniform bore. 

from a ball syringe ; this tube is also connected by a side branch 
to a mercury manometer. As one continues to pump and distend 
the hag, the pulse-beats are transmitted to the mercury wliich rises 
in the manometer and oscillates with the pulse-beats. As the 
pressure rises the oscillations become more pronounced, and at a 
certain point they exhibit a greater excursion than they do at any 
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, other height ; beyond this point of maximal 'pulsation, the oscillations 
diminisli in amplitude, and as the distension of the bag is increased 
still more, the pressure which is sufficient to obliterate the pulse is 
at last reached, the oscillations of the mercury cease, and the pulse 
is no longer to be felt at the wrist. The pressure 'necessary to 
do this is equal to the systolic pressure, and the height of the 
mercurial column should be noted when the pulse just disappears. 
The point of maximal oscillation gives a reading of the diastolic 
pressure. 

The auditory method^ introduced by Korotkow has now replaced 
all other methods for estimating the diastolic pressure and it may 
be used for systolic also. The armlet is inflated until the compression ^ 
applied is more than sufficient to obliterate the pulse. Tlie chest- 
piece of an ordinary binaural stethoscope is applied over the brachial 
artery just below the armlet. It is advisable also to take the 
systolic pressure by palpation so as to compare the tactile and 
auditory indices of pressure. When the armlet is thus distended 
no sound is heard and no pulse is felt. The air is then allowed 
to escape gradually from the armlet, and at a certain point, which 
is read off on the manometer, a distinct sound is heard with 
each heart-beat. Tins marks the beginning of the transmission of 
the pulse through the artery, and is the auditory index of the systolic 
pressure ; it is heard a little earlier than the return of the pulse can 
be felt at the wrist. With further lowering of the armlet pressure, 
the sound successively becomes murmurish (second phase) ; loud and 
clear (third phase) ; dulled and weakened (fourth phase) ; and ffmally 
inaudible. The change from the tliird to the fourth phase, that is, the 
sudden dulling and weakening of the sound, constitutes the diastolic 
index. In many instances there is little difference between the 
dulling and the final extinction of the sound. But often, especially 
in young adults, the difference may be very marked, amounting 
sometimes to 30 mm. Hg ; to take the abolition of the sound as the 
diastolic index in such cases would lead to serious error. 

In healthy young adults examined by this method in the sitting 
posture, the systolic pressure averages about 110 to 135 mm. 
Hg and the diastolic pressure between 60 and 80 mm. in 
different individuals. Muscular exertion and mental excitement 
raise the pressure, especially the systolic (see ]>. 169). The difference 
between systolic and diastolic pressure is termed the jnilse-prcssu re- 
in disease there are great variations, and the study of those is a 
very valuable aid to diagnosis. 

There is on the market a largo varietv of manometers, some 
containing mercury and some on the aneroid principle which magnify 
the changes which occur about the range usually found, ie. 
90 to 200, but it is necessary to calibrate the latter manometers 
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from time to time against the simple and much cheaper (J-tuhe 
of mercury which, however, has the disadvantage that it is 
less portable because of the danger of spilling the mercury in 
transit. 

The following table gives the average height of blood-pressure - 
in various parts of the vascular system in man. They have been 
very largely inferred from experiments on animals, but in ..many 
cases have been confirmed by experiments on man : — 


Large arteries {e.g. carotid) 
Medium arteries (^e.g. radial) 
Capillaries (arterial end) 
Capillaries (venous end) 
Small veins of arm 
Portal vein . . . . 

Inferior vena cava 
Large veins of neck 


140 mm. (about 6 inches) mercury. 
. 110 mm. mercury. 

. 30 to 35 „ 

. 15 to 20 ,, „ 

• 9 ’ >! »» 

10 „ 

• 3 ,, ,, 

from 0 to - S „ ,, 


The pressure in the pulmonary artery is about a quarter of that 
in the systemic arteries. It cannot be recorded m man, but in 
animals it may be taken by 


cannula m a 
the pulmonary 



putting a 
branch of 
artery. 

The blood-pressure falls 
slowly in the great arteries 
and manifests oscillations 
corresponding with the alter- 
nate systole and diastole of 
the heart; at the end of 
the arterial system it falls 
suddenly and extensively in 
the course of the arterioles ; it again falls gradually through the 
capillaries and veins. Such a diagram of blood-pressure is-Hhus very .. 
different from one of velocity ; the velocity- like the pressure falls 
from the arteries to the capillaries, but unlike it, rises again in the veins. 

Fig. 69 represents roughly the fall of pressure along the systemic 


Fig. 69.— Height of blood-pressure (BP) in LV, left 
ventricle. A, arteries ; C, capillaries ; V, veins ; 
BA, right atrium ; O, line of no pressure. 


vascular system. 

It indicates that the chief peripheral resistance is in the small 
arteries ; this is probably true when the tissue is active and 
when the capillaries are all open, but the work of Dale and • 
Eichards indicates that in some circumstances the capillaries play 
a larger part than the diagram indicates. (See fig. 75.) 

It must be understood that these pressures are subject to con- 
siderable variations from alteration of the variable factors on which 
blood-pressure depends. 
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Tlie Pulse. 

This is the most characteristic feature of the arterial flow. It is 
the response of the arterial wall to the changes in lateral pressure 
caused by the heart-beat. 

The physician usually feels the pulse in the radial artery, since this 
is near the surface, and supported by bone. It is a most valuable 
indication of the condition of the patient’s heart and vessels. It is 
necessary in feehng a pulse to note the following points : — 

1. Its freqximcy : this gives usually the rate of the heart but 

strictly only the number of beats of the left ventricle which 
produce pulse-waves strong enough to reach the wnst. 

2. Its force: whether it is a strong, bounding pulse, or a feeble 

beat ; this indicates the force with which the heart is beating. 

3. Its regularity or irregularity: irregularity may occur owing 

to irregular cardiac action either in force or in rhythm. 

4 Its tension : that is, the force necessary to obliterate it. Tliis 
gives an indication of the height of the blood-pressure. 

5. The /condition of the arterial wall wliich in disease may 
become thickened. 


In order to study the pulse more fully, it is necessary to obtain 
a graphic record of the pulse-beat, and tliis is accomplished by the 
use of the sphyginograph. It is not an easy instrument to use 
on all subjects and its use has been chscontinued clinically because 
it gives little more information than can be obtained from feeling 

the pulse and taking the blood- 

” pressure. It is best studied practically. 
Pig. 70 represents a tj-pical 
sphygmographic tracing obtained from 
the radial artery. 

' The e.vplanation of the various 
waves is derived from information 
obtained by taking simultaneous trac- 
ings of the pulse, aortic pressure, ape.x- 
beat, and intraventricular pressure. 

Fio. 70.— Diagram of pulse.tracing. A, up- TllC mail! WaVCS I’CCOrdcd ai’C the 

atrQkft;B,do'vn*Btroke; C, pre-alcrottc . ... 

wave: D, dicrotic; E, post-dicrotic ‘pTXVlCtTy (^A) WO,VO AViUCll IS dllG tO 

ventricular sj’stolo expanding the 
artery and the dicrotic wave (D). The dip before the wave is 
commonly called the dicrotic notch. 

The primary cause of the dicrotic wave is the closure of the aortic 
valve ; as already explained when wo were considering the cardiac 
Valves, the outflow of blood from the heart suddenly censes, and the blood 
is driven back against the closed aortic valve by the elastic recoil of 
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. the aorta; the wave rehounds from this and is propagated tln-ongh 
the arterial system as the dicrotic elevation. The production of the 
dicrotic wave is favoured by a low blood-pressure when the heart 
is beating forcibly, as in fever. Such a pulse is called a dicrotic 
pulse (fig. 71), and the second beat can easily be felt by the finger. 

Other subsidiary waves may occur, notably an anacrotic wave 
on the upstroke, which results from a high peripheral resistance 
which tends also to prolong the downstroke. 

If a long pulse-tracing is 
taken, the effect of the respiration 
may be seen in an increase of 
pressxu’e, and, in some people, a 
slight acceleration of the heart’s 
beats during inspiration. 

The main waves of the pulse 
can be demonstrated without the use of any instrument at all, by 
allowing the blood to spurt from a cut artery on to the sui'face of a 
large sheet of white paper travelling past it. We thus obtain what 
is called a hccmautograph (fig. 72). 

The pulse-wave travels along the arteries, and is started by 
the propulsion of the contents of the left ventricle into the already 
full arterial sj^stem. The more distant the artery 
from the heart, the longer the interval that elapses 
between the ventricular beat and the arrival of the 
pulse-wave. Thus it is felt in the carotid earlier than 
in the radial artery, and still later in the dorsal 
artery of the- foot. The difference of time is, how- 
ever, very slight; it is only a small fraction of a 
second. 

The rate of propagation of the pulse-wave is 

of some importance since for a given blood-pressure 
it indicates the elasticity of the arterial wall. It 
travels at the rate of from 5 to 10 metres per 
second, that is twice or thrice the velocity -of the 
blood-flow. The method of ascertaining this may 
be illustrated by the use of a long elastic tube into 
which fluid is forced by the sudden stroke of a pump. 
If a series of levers are placed along the tube at 
measured distances, those nearest the pump will rise 
first, those farthest from it last. If these are arranged to write on a 
revolving cylinder under one another, the movements will he shown 
grapliically, and the time-interval between them can be measured by a 
time-tracing. The same principle is applied to the arteries of the 
body; a series of Marey’s tambours is applied to the heart and to 
various arteries at known distances from the -heart ; their levers are 



Fto. 72 . — Hsemauto- 
graph, to be relld 
from right to left. 



Fiq. 71. — Dicrotic pulse. 
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arranged to vmte immediately under one another. The difference in 
time between the commencement of their up-strokes is measured by 
a time-tracing. 

A. V. Hill has introduced the hot-wire sphygmograph in which the expansion 
of the artery with each heart-heat makes a puff of air cool an electrically- 
heated wire, the electrical resistance of which is thereby varied. The %vire 
forming one arm of a Wheatstone’s bridge, the alteration in resistance is shown 
by a string galvanometer, and recorded photographically. Two arteries at 
different distances from the heart are used, the time of arrival of the pulse-wave 
in each being recorded by the excursion of a string in the galvanometer: the 
two strings being arranged so that their images on the recording surface fall in 
the same vertical plane. Wishart has introduced another sphjnnograph in which 
the pulse is caused to move the plates of a condenser. All such methods are 
more accurate than that of the tambour but require more expensive ap])aratus. 


The Venous Pulse and tlie Polygrapli. 

The venous pulse is recorded by pdacing over the lower end of the 
internal jugular vein in the neck a hollow metal cup wliich transmits 
changes in pressure to a delicate tambour. The waves are produced 
in part by interruption of the venous inflow and by tlie neighbouring 
arteries. Thus when the auricle is. filling, the venous pressure rises 
to cause the V wave (fig. 73), but this falls as soon as the auriculo- 
ventricular valves open. The subsequent filling and contraction of 
the auricle cause the important A wave, wliich is followed ■} of a second 
later by the 0 wave. This wave is due to the approximation of the 
large arteries and veins, c.g. the innominate, and, since the wave is 
present in pressure records of the auricle itself, it may in part be due 
to the bulging of the floor of the auricle during ventricular systole. 

An analysis is made of the venous tracing by taking 
simultaneously a tracing of the radial pulse by means of the 
polygraph in which the venous and arterial records are on the 
same strip of paper (fig. 73). The wave which occurs on the venous 
tracing one-tenth of a second before the radial pulse is the C 
wave, while usually the preceding wave is the A wave. Fig. 73 
shows additional waves which can lie neglected at present. 

The importance of polygraph records is that from them the 
number of auricular contractions may be counted and the a-c interval, 
which corresponds to the P.R. interval of the electro-cardiogram, 
gives a measure of the time (normally one-fifth of a second) 
taken for the excitation wave to pass down the auviculo-ventricular 
bundle. 

The Time of a Complete Circulation. 

The simplest method of making this estimation is that of 
Stewart. A solution of methylene-blue is injected into a vessel. 
The corresponding vessel on the opposite side is exposed, placed 
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on a sheet of white paper, and strongly illuminated. The time 
is noted between, the injection and the moment when the blue " 
colour is seen to appear in the vessel under observation. Stewart 
applied this method also for determining the time occupied by 
the passage of blood through various parts of the circulation; the 



■longest circulation times were found in the portal system and 
the lower limbs. He calculated that the total circulation time in 
man is about 15 seconds. ’ . _ 

Hone of these methods, however, give the true time of the entire 
circulation ; they give merely the shortest possible time in which any 
particle of blood can travel through the shortest pathway. The 
blood that travels in the axial current, or which takes a broad path- 
way tlirough wide capillaries, will arrive far more speedily at its 
destination than that which creeps through tortuous or constricted 
vessels. Since the total blood in the body and the output of the 
heart per minute are about the same, i.e. 5 litres, it can be considered 
that all the blood makes one circuit per minute at rest. During 
exercise the rate is greatly increased. The blood passing through 
regions near the heart, e.g. through the coronary circulation, performs 
the journey most rapidly. Such considerations reduce the average 
time to something like that calculated by Stewart. 
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The Capillary Circulation. 

It used to be thought that the capillaries simply opened up 
when the blood-pressure rose, but since the work of Krogh it has 
become appreciated that they have a power of contraction and 
dilatation -quite independent of the arteries, and are^ even able 
to close against a raised blood-pressure. 

We have already noted (p. 94) that capillaries close because of a 
swelling of the endothelial cells of which their walls are composed. 
The blood-pressure varies in different capillaries. It is most 
accurately measured by inserting a minute cannula into the vessel 
under a microscope, but a rough idea is obtained by finding the 
amount of pressure necessary to close the vessels or blanch the skin 
by sealing over it a glass capsule into which air , may be forced. 

It is evident that the capillary pressure is much lower than 
that in the arteries. 

In the human skin at heart level the pressure has been foimd 
to faU because of the resistance to the blood flow, from 32 mm. 
of mercury at the arterial end to about 12 mm. at the venous end, 
but in some capillaries, e.g. those of the foot in the erect posture, 
the pressure is much higher. 

The circulation in the capillaries may readily be observed in 
the web of the foot, or the mesentery of a frog. In the larger 
vessels there is seen to be a distinct pulsation with each heart-beat, 
but in the smaller capillaries the blood is seen to flow with a 
constant equable motion. The red blood corpuscles move along 
mostly in single file and bend in various ways to accommodate 
themselves to the tortuous course of tho capillary, but they 
recover their normal outline on reaching a wider vessel. If the 
capillaries are observed for some time they aro scon to undergo 
changes in calibre, some shutting down, and others opening up. 
These changes apparently take place indeijondently of tho arteries and 
veins, and depend on tho oxygen requireraonts of tho tissue supplied. 

The capillaries may readily bo made to contract if touched with 
a sharp needle. This contraction normally spreads over a con- 
siderable area, but if cocaine has been previously applied to the web, 
the constriction is limited to tho point of stimulation. Since cocaine 
is a known paralysant of nervous tissue this oxperiiuout indicates 
that the capillaries are controlled b}’’ nerves. This is supported by 
the observation of Hooker that stimulation of tho cervical sympa- 
thetic nerves causes constriction of the capillaries of tho rabbit’s ear, 
while Doi has demonstrated dilatation in tho frog’s web by nervous 
stimulation (Bayliss). 

It will be. noted that tho cajnllurics being very thin-wallod are 
easily affected by substances acting on tliem from tho outside. 
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In relation to exercise in a subsequent section we shall see 
that the capillaries dilate in all active tissues. We are then not 
surprised^ to find that substances normally released or produced 
during tissue activity, such as carbon dioxide and lactic acid, 
cause capillary dilatation. Tliis no doubt accounts for the fact that 
we readily obtain flushing of the skin after compressing a small area 



Fio. 74. — A oipiUnry circulation showing .an arterio-venous anastomosis in its lower part. 

or after temporary occlusion of the blood-supply (see Exercise). 
The fact that there actually is a dilatation of vessels during the 
occlusion has been definitely shown by the fact that the venous 
pressure in the occluded part falls (Kendrew). Eecent work suggests 
that adenine triphosphate may be released from muscle cells and 
be largely responsible for the dilatation (Fleisch). 

The human capillaries may be observed in the skin with an 
ordinary microscope, if the skin is soaked in oil and adequately 
illuminated. In the nail-fold capillary loops may be seen. Some skin 
capillaries remain permanently open but others open and close at 
intervals. 


The Capillaries and Circulatory Capacity. 

It is important to realise that the total number of the capillaries 
in the body is enormous, and that were they all open at once the 
effect on the capacity of the vascular system would be very great. 
They would, as it were, soak up the blood like a sponge. 

The following figure gives an idea of the variable capacity of 
the circulation. When, therefore, the arterioles and the capillaries 
as a whole dilate, there may be a momentary increased flow into 
the veins but the total effect is a reduction of the venous flow. 
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The student at this stage should realise that the capillaries may 
cause changes in the blood-pressure in two ways, (1) hy varying 
the capacity of the circulation ’ or (2) by varying the peripheral 
resistance if the arterioles are dilated at the same time. 

It has been shown (Dale and Richards) that the substance 
histamine has the power of causing widespread capillary dilatation, 



Fig. 75 — Diagram indicating Uio potential capacity of tlio circulation at !*■! diircrent j-oints The 
corresponding resistance is indicated ajjproximatcly hy the blood-prcssurc- in the various recious. 

and brings about, as a result, a profound fall of blood-pressure, which 
may end in death. The blood is lost in the capillaries and does not 
return to the heart. Death from superficial burning is probably 
due to the production of such a substance in tho damaged tissues, 
since the symptoms of this condition are lilcowiso explained hy a 
diminution of the blood in active circulation. 

A network of capillaries containing corpuscles, some of which 
go in single file, is seen in fig. V4. At one side (right) is seen an 
arteriole, at the other a venule. Near tho bottom of the figure is 
seen an arterio-venous anastomosis. 

The capillaries of the skin liave been found to be specially 
sensitive to histamine, an observation possibly explained by the 
finding of Rest, that the skin, unlike the other tissues of tho body, 
does not contain tho enzyme histaminaso which destroys histamine. 
Lewis has shown that when tho skin is injured the redness and 
whealing (c.^. in burns) is due to the local production of a dilator 
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substance which not only opens up the capillaries but causes 
mcreased permeability of their walls. Tins is evidently a protective 
n'lechanism. 

Fainting in a hot bath is probably also due to a dilatation of 
the capillaries of the skin. 

Considerable discussion has taken place on what normally 
keeps a large .number of the capillaries closed. It is probably 
nervous control, but the closure returns after the nerves are cut. 
It appears likely that the capillaries, lilce cardiac muscle, become 
responsive to the chemical constituents of the blood, for it has been 
fomid that perfused vessels are exquisitely sensitive to minute 
changes in the concentration of substances normally present in 
the blood, especially to the calcium-potassium and to the acid-base 
ratios. 


The Venous Pressure and Return. 

In our study of the output of the heart we saw, that this 
depends primarily on the amount of blood which reaches it from 
the veins. This return depends on a variety of factors, and provided 
the heart is efficient its extent may be estimated by recording the 
venous pressure. 

The Venom Pressure . — This pressure is clearly dependent on 
the' heart and the arterial pressure. The pressure is highest in 
the small veins at the periphery, but falls off to zero or a minus 
pressure in 'the veins near the heart during diastole. The pressure in 
veins may be taken exactly as is arterial pressure, except that since 
the pressure is so low, water is used in the manometer instead of 
mercury. An inverted bell of very thin glass makes a convenient 
float. In animal experiments sodium bicarbonate is the usual fluid 
used . in the manometer as it is an anti-coagulant, and also no serious 
harm results if some gets into the circulation. The best way to. 
obtain a record is to insert a long cannula down the external jugular 
vein. A good venous pressure record shows respiratory waves 
and, heart beats. .In man, probably the most trustworthy way is 
to observe the pressure at which a saline solution will just stop 
running into a vein through a cannula. The amount of pressure 
necessary to , compress a superficial vein or which will just prevent 
the re-filling of a vein emptied by compression from the periphery 
inwards is also an index of the venous pressure. The venous 
pressure is normally about 5 to 15 cm. H 2 O or about 3 to 10 mm. Hg 
in. a vein at the elbow, held at the level of the right auricle (Bedford 
and Wright). 

The venous pressure varies directly with the blood volume 
relative to the capacity of the circulation ; in this way it is 
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different from the arterial pressure, which- may be kept up reflexly 
by the vasomotor centre. If blood is lost, the arteries and 
capillaries constrict and by increasing the peripheral resistance 
keep up the arterial pressure, hut as a result (corresponding to a' 
closing of the tap in fig. 64) the venous pressure falls. This 
adaptation also occurs whenever a drug is injected which causes any 
marked increase in the capacity of the circulation. It is seen after 
the injection of histamine (see Capillaries, p. 143) and of alcohol, 
which dilates si;in vessels, although in neither instance may 
there be, at least with small doses, any sustained fall of arterial 
pressure. 

When, however, there is a large increase in the capacity of the 
circulation, as when a large dose of histamine is injected {c.g. 2 mg. 
histamine into a cat), or when the nervous control of the blood- 
vessels is cut off, then there is a fall of venous pressure and failure 
of the circulation because the heart does not receive sufficient blood. 
This phenomenon occurs whenever there is generalised asphyxia 
of the body and is produced by a variety of causes, but espeeially 
a low blood-pressure which fails to distribute the blood properly. 
This condition of shock which is sometimes fatal is of gi'cat surgical 
importance in cases of injury, but its treatment is most baflling 
since not only is there an increased capacity of the circulation, 
but also a reduced peripheral resistance. So far as is known this 
state is irreversible once established and every effort must be made 
to prevent it. 

The venous pressure is also much influenced by the efficiency 
of the heart as a pump, and the weaker the heart becomes the gi'eater 
is the venous pressure because blood continues to flow into the veins 
from the arteries, the blood in which is at a much liighor pressure 
(see fig. 79). There is, indeed, evidence that the height of the venous 
pressure is the most delicate test of the efficiency of the heart. A 
rise of venous pressure is very commonly seen in cardiac diseases, 
and the venous congestion so produced may cause dire results. 

On the other hand, increased efficiency of the heart causes a fall 
of venous pressure. 

When for any reason the venous pressure becomes high, the 
capillary pressure is increased and the flow through the capillaries 
delayed. Lack of oxygen leads to increased capillary permeability 
and this combined with increased capillary pressure results in the 
passage of excess fluid into the tissues. Such an excess is called 
oedema or dropsy. A mild degi-eo of this occurs in the lower limbs 
from standing still for twenty minutes. 

The return of blood to the heart is essentially brought about by 
the arterial pressure. In most animals the heart is as emphasised 
by Franklin at almost the lowest point of the circulation. The return 
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is therefore facilitated, gravity with the exception of the blood 
from the limbs where the valves assist. 

In exercise the return of blood is facilitated by the muscular 
contractions, which compress the capillaries in the muscle itself 
and also to some extent the valved veins. The dilatation of the 
capillaries permits a more rapid flow of blood from the arteries to 
the veins. 

-The return of the blood to the heart is still further assisted by 
respiration. Indeed, so important is this function that the term 
" o'cspiratory pump ” is used (L. Hill). Any temporary cessation in 
respiration causes a fall in arterial blood-pressure, until asphyxia 
ensues. The pressure in the chest is normally negative. During 
each inspiration there is produced an increased negative pressure in 
the chest and at the' same time an increased positive pressure in the 
abdomen. The negative pressure in the chest tends to draw blood 
into it, and the] positive pressure in the abdomen to drive up 
blood. Thus at each inspiration, since the valves of the veins 
prevent regurgitation into the lower limbs, blood is drawn towards 
the heart while that in the lungs is trapped by the pulmonary 
valves. During expiration, therefore, it is forced towards the left 
side of the heart (see “ The Effects of the Respiratory Movements 
on the Circulation ” later). The action of the respiratory pump is 
increased with the respiration during exercise. 



CHAPTER XIV 


THE CONTROL OF THE CIRCULATION. 

The circulation is controlled by chemical and nervous mechanisms 
which maintain its efficiency in whatever circumstances the body 
may be placed. One great piu’pose of the control is to provide \vide 
variations in blood supply to various organs, especially the muscles 
according to their activity and requirements. The control also 
prevents the efficiency of the circulation from being unduly affected 
by changes in the position of the bodj" and ensures that in the event 
of loss of blood, the heart and brain — the most essential organs of 
th6 body — are the last to suffer seriously. 

The Function of Cardiac Conti:ol. 

The control of the heart confers on the organ the power of 
changing its output and adapting it to the needs of the animal. 
This it does, as we have seen, by changing its output per boat 
and the number of beats per minute. It is in regard to the latter 
that the nervous control of the heart is of special importance, but 
the nervous control also makes the response of the cardiac muscle 
more effective. 

The Control of the Heart -Rate. — This vale is set by the 
pace-maker, which may bo intluonced appreciably by various factors, 
especially those which reach it by way of the sympathetic and 
the vagus nerves. In addition, the rale is affected by the temperature 
of the blood reaching the pace-maker, and by the amounts of 
thyroid and adrenal hormone circulating in the blood, Xorinally 
these are of little significance hut they become important in 
disease. 

The Xervous Control. 

The Sympathetic. — In the mammal the sympathetic fibres leave 
the cord by the anterior roots of tbo second to the sixth dorsal 
nerves (Cannon, see fig. 39); they pass by the rami communicantes 
to the stellate ganglion, or first thoracic ganglion, and theuco by 
the annulus and by the inferior cervical ganglion of the sympathetic 
they proceed to tho heart (seo fig. 7G). 

In man, the cardiac branches of tho sympathetic travel to tbo 
heart from the annulus and cervical symjiathotie in superior, middle 
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and lower bimdles of fibres. These pass into the cardiac plexuses, 
and surrounding the coronary vessels ultimately reach the heart. 

In the frog the sympathetic fibres leave the spinal cord by the 
anterior root of the tliird spinal nerve, and pass by the ramus 
eommunieans to the third sympathetic ganglion, then to- the second 



Fio. 76.— Diagram to sho^^ the'cWef pathways concerned in sympathetic acceleration of the mammalian ’ 
heart. The known afferent impulses pass upwards by the vagus and from the skin, A. Ai and 
An, vessels supplied. SCG, superior cervical ganglion. S, steUate ganglion. 


sympathetic ganglion, then by the annulus round the subclavian 
artery to the first sympathetic ganglion, and finally in the main 
trunk of the sympathetic, to near the exit of the vagus from the 
cranium. Here they join the vagus and run down to the heart 
within its sheath, forming the joint vago-sympathetic trunk. The 
fibres of the sympathetic which go up into the -skull are for the- 
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supply of blood-vessels there. It should he noted that the frog 
has no accessory nerve. 

The sympathetic fibres appear to pass to Bidder’s ganglion at the 
junction of the auricles and the ventricle. Tliis ganglion acts as a 
relay station. 

The fibres from the brain appear to pass down the spinal cord 
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Fio. 77. — Biso In arterial blood-pressure produced by stlmulatlnR the central end of a sensory nervs 
(external popliteal; in a cat under the intiuence of moryihine and curarv. 15. P., blood-pressure; 
A, abscissa or base-line; T, time intervals of 5 seconds; K, sipnal line, the lowering of wlilcli 
Indicates tbc period of stimulation of Ibe nerve. Tlie site of llie figure is slightly reduced in 
reproduction. (Sherrington.) 

in its lateral columns, but detailed information on their origin is 
lacking. 

Stimulation of the fibres anywliero along tlioir course brings 
about cardiac acceleration and augmentation. There is, however, 
evidence that separate fibres may bo concerned in these two 
functions, and it is claimed that in mammals one or two small 
nerves leaving the stellate ganglion produce augmentation without 
acceleration. 

The ujiper end of the sympathetic has not been accurately 
defined although the term cardiac-accelerator centre is commonly 
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used. ^ It has been found possible to accelerate . the heart 
by stimulation of the hypothalamus (Brown, Beattie and Long), 
but not of^ the medulla of the mammal without causing other 
changes. Similar effects are produced by stimulation of the cerebral 
cortex. 

The sympathetic is constantly sending accelerator impulses to 



Fio, 7s.— Diagram of the chief cardio-inhibitory reflex .arcs. Afferent fibres from the aorta and heart 
via the aortic depressor nerve, AD, and by the carotid depressor nerve, CD, from the carotid sinus 
C, are shown in dotted lines. CD, the glosso-pharyngeal nerve of which the carotid nerve is a 
branch. In black and white line also is shown the efierent pathway of the vagus distributed to the 
sinus and auriculo-ventricular bundle. VMN indicates an efferent vasodilator fibre operated from 
the same afferents (MoDowall). 


the heart, as is seen by the fact that its section or paralysis by 
efgotoxine causes cardiac slowing. 

Increased sympathetic activity is brought about reflexly by 
a number of procedures, especially stimulation of any afferent 
nerve from the sMn and a rise of pressure in the right auricle. 
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This source of stimuli appears to he important in exercise when 
the auricular pressure rises. The exact source of the sympathetic 
drive which is present at rest is unknown, hut the above facts 
suggest' that it, the sympathetic, is constantly recemng impulses 
from all parts of the body and especially from the external en^’iron- 
ment. Sympathetic activity is increased in exercise, in aniemia. 



Fio. 79 . — Shows the effect of stlmoUting the rngl on the arterisl (pulmonary and carotid) and venous 
pressures taken simultaneously. Note that altliounli stimulation was continued, an escape 
occurred, which in this instance was confined to the ventricles. The venous and pulmonary 
pressures were recorded by water manometers and the pressures are shown in mm. 11^0, th.at of 
the carotid in mm. Hg. (McDowall ) 


in asphyxia, and by a fall of arterial blood-pressure. In exercise 
the increased action is brought about by the increased mental 
activity and the rise of blood-pressure in the right auricle. 

Sj'inpathetic activity is normally held in check by those rellexes 
which increase vagus aetivitv. 

Increased activity of the sympathetic by increasing the output 
of the heart causes a 7'isc iji llood-jv'cssurc which, as we shall 
see, is usually, in the intact animal, further enhanced by con- 
striction of the blood-vessels which is produced at the same time 
by the excitatory agent, c.g. sensory stimulation (fig. 77). 

. The Vagus. — The vagus is the tenth cranial nerve and is 
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the cliief nerve of the parasympathetic or cranio-sacral division 
of the autonomic nervous system. Stimulation of the vagus brings 
about a marked slowing or cessation of the activity of the heart, in 
the first instance complete, causing a marked fall of arterial and rise 
of venous pressure. If the stimulation is continued, so-called vagus 
escape (or escape from the inhibitory stimulus), may occur as the 
result of the rise of venous pressure stimulating the cardio-accelerator 
mechanism. This is shown by the fact that if steps are taken to 
prevent the rise of venous pressure e.g. by bleeding, vagus stimulation 



Fio. SO The effect of stimulation of the vagus in the frog. Note the slow recovery of the 

heart in the upper record. In the lower record the vagus was stimulated from the arrow 
• but during 5 additional tension was put on the lever. 


continues to cause slowing for hours without evidence of fatigue 
(McDowall). 

In the frog a similar inhibition is produced, but since in the 
latter the sympathetic is bound up with the vagus mixed effects 
may occur (fig. 80). It is important to observe that if records 
of the frog's heart are being taken with the usual form of cardio- 
graph, any form of mechanical stimulation, such as a too-heavy 
lever; may diminish or annul the vagus effect. So also will too strong 
a stimulus which may stimulate the' heart-fibres directly. . -- 

In the frog the inhibitory fibres have a relay station in -Eemak’s 
ganglion in the sino-auricular junction. The synapses in the junction 
may be paralysed by painting the region with nicotine but thereafter 
the heart may still be slowed by stimulating the post-ganglionic 
fi'bres which arise in this region which is recognisable as a white 
line or crescent. If, however, the heart is now painted with atropine 
no inhibitory effects can be produced (see pp. 85 and 156). 
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The chief action of the vagus in the mammal is on the sino-auricular 
node, and on the auricle, of which the force of contraction is reduced, 
the duration of systole lengthened, and the refractor)^ period 
diminished. The vagus also depresses - the conductivity of the 
auriculo-ventricular bundle. This is shown by the fact that if a 
partial heart-block is produced, stimulation of the vagus may make 
it complete. 

It is now known that the vagus acts by liberating a chemical 
substance, acetyl-choline, in the heart (Loewi). This substance had 
long been known to have a similar action to that of the vagus. 

o j o 

Howell had previously suggested that the action was due to the 
liberation -of potassium, and it may he tliat somehow' liis findings 
are related to those of Loewi, w'hich have already been described 
on p. 65. 



Fig. si.— a record of the currents of action in the dcpres.sor ncra'e of the c.at. From tlie eh'ctro- 
c-ardiogram above it is seen that there is a burst of irajulses during the systole of the ventricles 
(Greenwood and McDowall). 


The Cardio-InMhxtory JRcJlcxcs. — During rest the vagi are 
constantly sending out impulses to restrain cardiac activity as is 
indicated by the fact that if they are cut, or if their action is 
prevented by atropine, there is cardiac acceleration. IMoreover, it 
can he shown that this vagus restraint depends on the receipt 
by the vagus centre of afTerent impulses, the loss of which leads 
to cardiac acceleration. These impulses arise in the walls of certain 
blood-vessels during each systole of the heart. 

In 1865 Cyon had discovered that there runs with the vagus a 
nerve known as the aortic depressor,* stimulation of the central end 
of wliich causes a fall of blood-pressure and slowing of the heart by 
way of the vagus. How' it has been shown that at each beat of the 
heart impulses pass up this nerve to tlie medulla (Adrian andBronk, 
Eijlant). (See fig. 81.) 

The impulses arise as a result of the stretching of the walls of 
the aorta and the left side of the heart. This has been finally 

* This is a separate nerve in the rabbit, bnt in most mammals it is bound up 
with the vagus. In tlie cat it is sometimes separate. 
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shown by Daly and Verney, who short-circuited the arch and- 
obtained cardiac slowing by stretching it. 

Even between the beats there may be a considerable upward ■ 
discharge of impulses in the depressor if the aortic pressure is caused ■ 
to rise -by the intravenous injection of fluid or of adrenaline. 

In 1925 Hering discovered that similar distension of the 
region known as the carotid sinus at the bifurcation of the common 
carotid artery had a like effect and this has been fully confirmed 
and studied, especially by Heymans. It is possible to separate the 
carotid sinus from the circulation with its nervous connections intact 
and to supply it with blood at different pressures. It has been shown 
that impulses pass to the medulla by way of a branch of the glosso- 
pharyngeal nerve. Thus we may say that the normal vagus activity 
is maintained reflexly from the cardio-aortic region and the carotid 
sinus. 

These two reflexes are responsible for the observations of Marey 
that the higher the blood-pressure the slower the heart and vice versa. 
The vagus centres may also be stimulated by a number of other 
procedures, such as a blow on the abdomen or larynx, but it is 
doubtful ‘if they have any physiological significance except that 
they show reflex paths. 

An increase in cerebral pressure also brings about similar results, 
apparently through ‘direct action on the medulla. The cardiac 
slowing produced is an important sign of bleeding into the cranial 
cavity in cases of fractured skull. 

The Relation of the Sympathetic to the Vagm. — The sympathetic 
and vagus are not so antagonistic as at first sight appears, rather 
they assist each other in providing the heart with a wide range 
of activity, for when the heart is accelerated normally or by sensory 
stimulation there is a reduction of the normal^ vagus restraint. 
Tliis was shown by G-asser and Meek and by Heymans and Samaan, 
who compared the effects of exercise on animals before and after 
cutting the sympathetic and vagus. 

It has indeed been shown that the reduction of vagus restraint 
is certainly as important as increased sympathetic action. How 
exactly the changes are brought about is not certain, but it is clear 
that psychical effects and the effects of afferent impulses play an 
important part. 

It kas, however, been suggested that the cardio-inhibitory reflex 
has an important function in relation to cardiac efficiency. The 
more efficient the heart the more blood it is capable of pumping 
out per beat, but the cardiac acceleration which takes place when 
the venous pressure rises in exercise would prevent full advantage 
being taken of the increased efficiency unless vagus restraint during 
rest were increased. This function would explain why those in good 
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training develop increased vagus restraint. It would seem then 
that the essential function of the cardio-inhibitory mechanism is to 
increase the range of 'the heart-beat by extending its lower limit. 

It is also believed that by such reflexes the heart is protected 
against a sudden rise of pressure on the arterial side. If such 
a rise is produced, it is at once reduced by cardiac slowing and 
vascular dilatation. 


The Chemical Control of the Heart-Rate. 

Any procedure which' causes oxygen- want and the accumulation of 
carbon dioxide in the brain causes cardiac acceleration wliich at a 
later stage is replaced by cardiac slowing. Since the acceleration 
occurs even after the vagi are cut, the sinuses denervated, and the 
suprarenal glands removed, it must he considered that such pro- 
s cedures cause a central stimulation of the sympathetic (McDowall). 
A.t the same time they cause apparently an inhibition of the cardio- 
inhibitory reflex since, under conditions of oxygen-want and carbon 
dioxide accumulation in exercise and asphyxia, cardiac acceleration 
occurs at the same time as a high blood-pressure. 

It shoidd, however, be pointed out that although this mechanism 
has been shown to exist it has not yet been shown that the changes 
in the blood in normal exercise are sufficiently large to be effective 
in this way, but it is very important in disease. 

The Effect of Drugs on the Heart. 

This question belongs prpperly to the realm of Pharmacology. 
We shall, therefore, confine ourselves to those substances which are of 
importance owing to their use in physiological investigation. 

We may conveniently divide the drugs which act on the heart into 
two categories : those which act on the cardio-inhibitory mechanism, 
and those which act on the cardio-accelerator mechanism. 

Adrenaline, from the suprarenal gland, like the sympathetic 
causes a marked increase in the force and rate of the heart. 

Ergotoxine and ergoiavime, from extract of ergot, by paralysing 
the sympathetic cause a profound slowing of the heart. 

Atropine, from belladonna, causes marked acceleration of the 
heart-beats, by preventing the action of acetyl-choline normally 
produced by the vagus. This has already been referred to 
on p. 85. 

Mn^carinc, from poisonous fungi, Pilocarpine, from Jaborandi 
leaves. Choline and the more active Acetyl-choline cause marked 
slowing of the heart. Their action is abolished by atropine. 

We have already noted that there is evidence that certain 


- CONTROL OF THE BLOOD-VESSELS 


157 


OH. XIV.] 

nerves act by producing adrenaline or acetyl-choline in the region 
of their nerve-endings. 

Nicotine paralyses the synapses of 'the autonomic nervous 
system and abolishes, thereby, sympathetic tone and vagus restraint. 
As the latter predominates, nicotine causes an acceleration of the heart. 

Narcotics and Gliloroform. Most narcotics, e.g. morphine and 
chloral, if administered in sufficient quantity, depress the sympathetic 
and lead to increased parasympathetic activity as indicated by 
cardiac slov?-ing and constriction of the pupils. At a certain stage of 
their action the cardio-inhibitory reflexes tend to become exaggerated. 
Complete arrest of the heart may be brought about accidentally in 
such circumstances. This is well known in chloroform anaesthesia, 
in which the irritation by the vapour of the lungs may set up 
inhibitory reflexes. In animals, cutting the vagi immediately sets 
the heart going again. In man, atropine may be administered to 
avoid the inliibition. Small amounts of chlorbform are, however, 
quite safe in midwifery cases in which there is an imusual amount 
of sympathetic activity. Larger amounts of chloroform (over 2 per 
cent, in the alveolar air), especially if administered for a long time, 
are liable to act very harmfully on the cardiac muscle. 


The Control of the Blood-Vessels — ^The Vasomotor 
Nervous System. 

The Control of the Blood-Vessels. — The blood-vessels have 
long been known to change their calibre. This is well seen in 
the phenomenon of blushing. 

The change in diameter is brbught about in .two ways, nervous 
and chemical. Normally all blood-vessels are under the control 
of nerves, but the capillaries are more sensitive to chemical stimuli 
than larger vessels and they are affected not only by substances 
circulating in the blood-stream but also, because of their thin walls, 
by substances which may reach them from the tissue through which 
they pass. 

The control of the blood-vessels has now been shown to be 
- of considerable practical importance, since it has been realised that 
it may be of great significance in relation to the commonly fatal 
condition of shock. Operations on nerves to relieve spasm have 
been commonly performed. 

By changing their cahbre the vessels distribute the blood to 
the parts where it is most needed. Thus in physical exercise 
additional blood is given to the active muscles by dilatation of 
their blood-vessels, but as the volume of the blood is limited, 
this can only be. done at the expense of other regions, the blood- 
vessels of which constrict. By means of this control, also the 
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circulation can adapt itself to the effect of gravity which 'otherwise 
would tend to cause the blood to accumulate in dependent parts. 

The Vasoconstrictor Centre. — It has now been definitely 
established that all the blood-vessels in the body are under the 
control of the vasoconstrictor centre which lies in the floor of the 
fourth ventricle, a few millimetres above the calamus scriptorius 
of the medulla. The position of the centre has been discovered 
by the following means; If sections are made through the brain 
above this level, there is no immediate effect on the blood-pressure ; 
on the other hand, section of the meduUa below this region causes 
a profound fall of blood-pressure due to the loss of the influence 
of the centre which normally keeps the vessels in a state of partial 
contraction or tone (Ludwg and Dittmar). 

More detailed localisation has been effected by exploration with 
electrodes revealing the fact that there is a small area on each side 
stimulation of which brings about a rise of blood-pressure. It 
is found that even after the vasoconstrictor centre has been cut 
off by section of the medulla, recovery of blood-pressure may occur. 
This suggests that the spinal cord is the seat of subsidiary centres, 
a view which is supported by the fact that destruction of the cord 
causes the blood-pressure to fall again. 

The vasoconstrictor centre is normally kept stimulated by impulses 
which reach it by the afferent nerves (especially those from the skin, 
from the right auricle and probably from the abdomen), and, as 
flrst pointed out by Yandell Henderson of Yale, by carbon dioxide 
in the blood. If, therefore, the afferent end of a sensory nerve 
is stimulated, a contraction of blood-vessels is brought about 
and a consequent rise of blood-pressure, although any effect on 
the heart has been prevented by previous section of its nerves. 
Eeflexes causing rises of blood-pressure are known as Pressor 
Eeflexes. A similar rise of blood-pressure is caused by an accumu- 
lation of .carbon dioxide in the body, such as occurs in asphyxia 
(see fig. 118). On tlio other hand, if an anresthetised animal 
is forcibly over- ventilated and the carbon dioxide in the blood 
reduced there is a fall of blood-pressure which has been shown 
by Dale and Evans to bo due to reduction of the activity of the 
vasoconstrictor centre. This effect does not, however, necessarily 
occur in normal man in whom certain compensatory mechanisms 
are present. The effort of over-ventilation and the effect on the 
capillaries of washing out the carbon dioxide make up for the 
reduction of carbon dioxide in the centre, formally, for example, 
the skin vessels constrict during over-ventilation (rapid deep 
breathing) in man. If, however, the individual is immersed in 
a very hot bath this change in the skin vessels docs not occur and 
over-ventilation may cause a fall of pressure. 
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The vasoconstrictor centre is, like the heart, ' also under a 
considerable restraint from depressor impulses which arise from 
the cardio-aortic region and the carotid sinus. Cutting off these 
impulses brings about a vasoconstriction. ' In this it acts reciprocally 
with the vasodilator centre, and the vascular constriction when it 
occurs may be looked upon as -partly due to increased vasoconstrictor 
activity and partly to reduced vasodilator activity. 

The most potent stimuli to this centre normally are mental 
activity, carbon dioxide and a fall of arterial pressure. In exer.cise 
such constriction is a protection against a fall of arterial pressure, 
and in man the skin pallor produced is an important point in the 
diagnosis-of internal hsemorrhage. 




Fig. 82. — The effect of the sympathetic on the blood-vessels of the rabbit's ear. 1, Normal; 

2, Sympathetic in the neck cut; 3, Sympathetic stimulated. 

How a fall of arterial pressure stimulates the centre is a matter 
of debate. The centre may be directly sensitive or there may be a 
reduction of depressor impulses reaching it. (See Hsemorrhage.) 

From the vasoconstrictor centre impulses pass down the spinal 
cord and pass out in tjie anterior roots to the white rami and thence 
to the sympathetic chain of ganglia from which they are distributed 
to the whole body. The reader should refer to the description of 
the sympathetic, nerves given on p. 77. A certain number of fibres 
pass back by the grey rami and are distributed with the ordinary 
motor fibres in which they may be demonstrated by the effect of 
electrical stimulation. 

The Vasoconstrictor Fibres. — ^These fibres, as we have stated, 
keep the blood-vessels partially constricted, and their function was 
first demonstrated in 1851 by ■^^^larton Jones of Gruy’s Hospital, 
London, in the web of the frog, and Claude Bernard of Paris, in the 
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ear of a rabbit. He found that division of the cervical sympathetic 
produced a redness at the side of the head and of the ear in which 
the central artery and its branches were seen to enlarge and many 
small branches, not previously visible came into 'vdew. The ear felt 
hotter to the touch. On stimulating the peripheral end of the 
cut nerve he found that the ear resumed its normal condition 
and indeed might become paler than usual owing to excessive 
constriction of blood-vessels. 

Wharton Jones showed that sections of the sciatic nerve dilated 
the vessels of the frog’s web and that stimulation caused closure. 



Flo. 83.— rielliysmopmpli. The nno, A, Is cncloswl in a plass tuU", G, aiul tii? systf-m madr 
air-tipht with a rubtpr band, 13, Cttiiip around tlK- arm and ri-Hrctr.l over llie outside of 
G. The voiume chanyes arn transmitted to ami recordc 1 by a (,Mcl> )w:ill) ti ut-rreorJer. 
For short experiments air transmission is used, but forexi'-rinn-nts of lonper duration tbs 
apparatus is filled with water to prevent volume cliances due to temp'-rature variations. 


Subsequent experiments have shown tliat the capillaries as well 
as the arteries are afiecled by such stimulation (Hooher). It has 
also been shown that the veins have a vasoconstrictor nerve supply 
(Donegan). 

Evidence of Changes in Blood-Vessels . — Of late years a large 
amoimt of research has been made into the control of vessels 
and various methods have been used to show the delicate changes 
which may occur in the blood supply of a part, since it is possible 
only in a very few areas to observe the vessels directly with the 
naked eye or with the microscope. 

The changes which occur and which are recorded when possible 
are in (1) redness, (2) temperature, (3) ilow from the exit vein, 
(4) venosity of the issuing blood, and (5) the volume of the part. 
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Eecording of the last, known as plethysmography, has heen so 
much used that it is described below in some detail. It must be 
emphasised, however, that it gives the amount of blood in the 
part and not necessarily the flow through. 

Plethysmography. — This method was introduced by Mosso 
and by its means changes in the volume of a limb or an organ 
can be recorded graphically. The part is enclosed in an air-tight 
chamber which communicates with a delicate recorder, as shown 
in flg. 83. When the part alters in size, air is forced out of the 
chamber into the recorder or the reverse. Great care has to be 
taken that in making the air chamber air-tight -the vessels entering 
the limb or organ are not compressed. Plethysmographs are made 
of glass, metal, e.g. Eoy’s oncometer, or of gutta-percha (Schafer) 
which is specially useful as it can be readily made to fit any organ. 
Thus the salivary glands, lobes of the liver or lung, kidney, spleen . 
or coil of intestine can easily be enclosed in an appropriately shaped 
chamber covered with a glass plate, and made air-tight with vasehne. 
The use of the plethysmograph is found particularly valuable in 
relation to the Hmbs and the intestines, not only for studying the 
vasomotor nervns but also for investigating the action of drugs on 
blood-vessels. Changes in the spleen or a coil of the intestine are 
important as they indicate what is probably occurring in the whole 
splanchnic area, an area capable of holding a third of the blood of the 
body. The term splanchnic area is applied to the whole abdominal 
region which is supplied by the splanchnic nerves which pass down 
from the lower sympathetic gangha in the thorax. It includes the 
whole alimentary canal. Erom what has been said it wiU be under-, 
stood that stimulation of either splanchnic nerve causes a constriction 
of the blood-vessels in this region. 

Eecent work has shown that changes in the volume of a limb 
are for the most part due to the skin vessels. If, for example, 
adrenaline is injected into an animal the normal limb volume is 
reduced, whereas if the limb is skinned the volume increases 
because • the vessels of muscles are dilated by small doses of this 
substance. ' 

The rate of the hlood-flow through a part 'is more difficult 
to measure and it is really much more' important than the amount 
of blood in it. Probably the most accmate way is to find the 
amount of blood which issues from the vein leaving the part in a 
given time. Por prolonged experiment, however, this involves the 
use of anticoagulants and the reinjection of the blood.- This was 
originally carried out by Ohauveau and ICaufmann in 1886 on the 
vein of the lower lip of a horse and it was found that mastication 
increased the flow from four to eight times. 

The method of the thermostromuhr elaborated by Eein of 

F 
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Gottingen offers a means of studying the flow in a .large vessel 
without opening it. The piece of vessel is placed between heating 
plates and the amount of heat taken up by the blood determined by 
means of thermocouples above and below the heater. This amount 
depends on the flow. The method of Brodie is also used especially 
by Lewis, Grant, and others for experiments in man. Here a 
plethysmograph is placed on the forearm and the arterial flow 
occluded by means of a sphygmomanometer cuff. Bemoval of 
the cuff leads to a swelling of the arm the rate of which is 
proportional to the rate of blood-flow into it. 


P 



Fio. 84.— Hein's llicnnostromulir. Two elcctrodc-plates T lieW toijetUcr ly a C-bracket are placetl on 
each side of the blooJ.vessel. The blood fs lie.ated by a high frcmieiicy current juvssed between 
them. The dlllbrciice In the temperature between the thermo-couples I., and I,, is Indicated by 
tho inovciuout of the galvaiioinulcr 0. (From Hein#) 


_ Thermopiles have also been used, the tempevatnre of the part 
being proportional to the blood-llow through it. Experiments of 
this kind have boon carried out especially by IT. Barcroft. 

Perfusion PJx^^criments. — In these experiments there is passed 
into the artery supplying the part under investigation warm Einger’s 
solution or blood under constant pressure (about 100 mm. Hg). 
Changes in the calibre of the vessels are shown by measuring the 
outflow from the corresponding vein or by recording the resistance 
to the inflow by means of a side tube. Perfusion experiments have 
the great advantage that the effect of changes in other parts of the 
circulation, c.g. in the output of the heart, is excluded. The method is 
specially valuable in the study of the action of drugs. 

If a part of the body is perfused while the remainder of the 
animal is intact, so that the perfused part only communicates with 
the rest of the animal by means of nerves, it is possible by recorcUng 
the rate of perfusion to study the activity of the vasomotor- 
centres. 

The Function of the Vasoconstrictor Pefexes and Nerves. — A 
study of exercise indicates that the function of these reflexes and 
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nerves is to shut down the blood-vessels of the body 'generally in 
order to provide a niaxininni amount of blood for active tissues. 
Thus in exercise the splanchnic region is constricted to provide blood 
for the muscles, while after a meal additional blood is provided for 
the alimentary canal by constriction of vessels elsewhere. 

The Vasodilator Centre. — ^This centre appears to act recipro- 
cally with the vasoconstrictor centre, i.e. when one is stimulated 
the other is inhibited, and vice versa. It lies in the floor of the 
fourth ventricle close to the vasoconstrictor centre, but it may 
separately be stimulated electrically and bring about a fall of 
blood-pressure. Like the vasoconstrictor centre it is constantly 
sending out impulses. 

Normally, it is stimulated by impulses which pass up at each 
beat of the heart from the cardio-aortic region and the carotid sinus, 
and which we have seen also bring . about slowing of the .heart, 
via the vagus (see p. 154). The raising of the pressm’e in those 
regions causes a fall of arterial pressure after the heart nerves have 
been cut while lowering it causes the reverse. The latter effect 
is probably best seen in the cat by occluding the common carotid 
artery or by painting the carotid sinus with cocaine especially after 
the vagi have been cut. A rise of pressure in the abdominal vessels 
is also effective possibly by stimulating the Pacinian corpuscles. 

The vasodilator mechanism may, however, be stimulated in other 
ways, for example by the application of slow galvanic shocks to 
many mixed nerves, e.g. the sciatic and by many mechanical procedures 
such as stretching of muscles. These changes are, however, only 
seen when the sympathetic is depressed by certain anaesthetics. 
These are important as they may bring about falls of pressure in 
injury and diming surgical operations. All such reflex falls of 
arterial pressure are known as Depressor Eeflexes. 

Vasodilator Nerves' — In addition to vasoconstrictor -nerves, it 
seems probable that every organ also receives a supply of vasodilator 
nerve-fibres. These fibres, when stimulated, cause dilatation of .the 
vessels in the organ supplied. The vasodilator fibres are con- 
veniently divided into several categories — ^-local dilators, posterior 
root dilators, and sympathetic dilators, 

(1) Local vasodilator nerves include such nerves as the chorda 
tympani to the salivary gland, and the nervus erigens to the erectile 
tissue of ‘the penis. 

(2) Vasodilator fibres were shown by Strieker to pass out from the 
spinal cord in the posterior nerve-roots, stimulation oL which caused 
vasodilatation in the parts supplied, and their existence .was amply 
confirmed by Bayliss. These fibfes, like the vagus, are activated in 
the depressor reflexes from the aorta and carotid sinus. Subsequently 
they join the mixed nerve-trunks. There is evidence that the 
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vasodilator nerves to the sldn act by liberating vasodilator substances 
like histamine and acetyl-choline. (See The Autonomic ISTervous 
System.) 

(3) Vasodilator fibres also pass out in the sympathetic, but special 
means have usually to be taken to demonstrate them; for example, 
the sympathetic may be first paralysed by ergotoxin (Dale) or slow 
stimuli may be used. 

Apparently, however, there is a difference in different animals. Burn obtained 
dUatation in the hind limb when the abdominal sjTnpathetic was excited by slow 
stimuli in the dog but not in the cat, while Dastre, Bernard’s successor, remarked 
that had the latter chanced to use a dog instead of a rabbit the vasodilator action 
of the cervical sympathetic would have been more apparent tlian its constrictor 
action. 

The sympathetic dilators appear to pass out by the anterior 
roots and to pass particularly to the vessels of muscles (Gaskell, 
Cannon). 

All dilators reach the organs they supply in mixed nerves in 
which constrictors commonly predominate. In consequence, stimu- 
lation of such a nerve usually causes vasoconstriction. 

In order to demonstrate the presence of dilators in mixed nerves 
special procedures have to be adopted (Bowditch and Warren; 
Goltz). 

1. The Method of Degeneration. — If the sciatic nerve is cut, the 
vessels of the limb dilate. This passes off in a day or two. If 
the peripheral end of the nerve is then stimulated, the vessels 
are dilated, as the constrictor fibres degenerate earliest, and so a 
result is obtained due to the stimulation of the still intact dilator 
fibres. 

2. The Method of Slowly Intcrrngyfcd Shochs. — If a mixed nerve 
is stimulated with the usual rapidly interrupted faradic current, 
the effect is constriction ; but if the induction shocks are sent in 
at long intervals {e.g. at intervals of a second), vasodilator effects 
are obtained. 

3. The Influence of T'cmgicratvrc. — Exposure to a low temperature 
depresses the constrictors more than the dilators. If the leg is 
placed in ice-cold water, stimulation of the sciatic, oven if it has 
only recently been divided, produces a Hushing of the skin with 
blood. 

4. Mechanical Stimulation of a mixed nerve as distinct from 
electrical stimulation not infrequently causes vasodilatation. 

The explanation of these different ofiects is as yet uncertain, for 
no difierence in the excitability of the vasoconstrictor and .vaso- 
dilator fibres has been found. It would seem that the efiects depend 
on the number of impulses reaching the vessels. 
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The Function of the Vasodilator Nerves. 

The work of Gannon and liis co-workers in Harvard University 
on the action of adrenaline (see Adrenaline) indicate that the 
function of the sympathetic vasodilators is probably concerned, with 
the dilatation of the vessels of the muscles in physical exercise. 

The function of the dilator reflexes arising from the cardio-aortic 



Fio. 85.— The effect on arterial pressure and respiration of paralysing a carotid sinus by cocaine, the 
other sinus having been tied off and vagus action avoided by the previous injection of atropine. 


region and the carotid sinuses would appear to be twofold. _ At 
rest they maintain the arterial pressure at a constant level. 

If the carotid sinuses are put out of action by paralysing them 
with cocaine, there is a marked rise of the arterial pressure accom- 
panied by a constriction of the peripheral vessels (fig. 85). 

In exercise when the blood-pressure rises, however, these reflexes, 
lik e the vagal reflexes, appear to be thrown out of action, for it 
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has been shown (McDowall) that all procedures which accelerate 
the heart and which are likely to occur in exercise, e.g. a rise of 
venous pressure or adrenaline, cause a reduction or even abolition 
of the depressor reflexes as they do vagus activity. 

Since it has been shown that stimulation of the carotid sinus 
(see fig. 86) or of the central end of the depressor nerve causes a 



Fig. 6C. — Records of nrtcnnl and vcnoas pressures. At t)ie first , 'arrow is seen a rise of arterial 
pressure and a fall of venous pressure as a result of .s(K:tion of the vaji ir.cludin;.: the aortic 
depressor nen'cs. The rise of arterial pressure is due partly to'ar. Increa5(yl rate and output of the 
heart and to vasoconstriction. The fall of venous pressure is. due to the incre.ased cardiac 
output depleting tho venous re.=ervoir. At C.C. the carotid slnuse.s were clippsi o:T; th»rp is a 
further rise of arterial pressure partly from the same causes as lefore, lut in addition there is 
diminution of the capacity of the circulation and a rise of venous pressure which increases the 
output of tho heart. Later stimulation of the sinus by tuy^ring caused an iucnsise^l capacity of 
tho circulation. 

greatly increased capacity of the circulation (Eayliss) and since 
experimental interruption of the reflexes increases the venous flow and 
the output of tlie lioart, it is probable, therefore, that an important 
function of these vasodilator reflexes is to maintain a large volume 
of blood immediately available for tlie active muscles during exercise. 
Thus the vagal reflexes and the capacity reflexes which have a 
similar origin aro both concerned M-ith increasing the degi’ee of 
change in the rate of the circulation which is possible in exercise. 
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Differences between Stimnlating the Central and 
Peripheral Ends of the Vagus. 

Stimulation of the centres is responsible for the difference between 
the effect of stimulating the central and peripheral ends of the vagus. 

If the peripheral end is stimulated the heart is slowed and the 
blood-pressure falls abruptly, but recovers very sharply to above its 
previous level as soon as the stimulation ceases, because blood has 
banked Up in the veins. 

If the vagi are both cut the fall of pressure produced by 
stimulation of a central end is due to stimulation of the vasodilator 
and inhibition of the vasoconstrictor centres. Since it is vascular, 
therefore, the fall and recovery are slow and capacity effects have 
prevented any hanking up of blood in the veins. 

If one vagus is left intact the effects of stimulating the central 
end of the other are intermediate. 

The Chemical Control of the Blood-Vessels. 

■ Tins control is both central and local. We have seen that carbon 
dioxide stimulates the vasomotor centre and that, in relation to the 
capillaries, this substance and lactic acid cause dilatation of these 
vessels. These chemical substances, produced locally, take pre- 
cedence over nervous influences, for when the cervical sympathetic 
is stimulated the constrictor effect is seen to wear off as soon as 
the ear becomes asphyxiated. The importance of these facts is 
dealt with below. According to Fleisch the arterioles may also 
participate in this local chemical control. 

The Effect of Exercise on the Circulation. 

The various changes are described as being actually brought 
about by exercise, but, as we shall see later, some of them may 
anticipate the exercise. This is especially true also of the secretion 
of adrenaline, which assists the nervous control to redistribute the 
blood according to bodily needs. (See Adrenaline.) 

Local Vascular Olianges. — We now know from the work of 
Krogh (Professor of Zoophysiology in Copenhagen) that the capillarie 
can alter their calibre independently of the arterioles, and that, like 
the latter, they are supplied with nerves (Hooker, see Capillary 
Circulation, p. 142). 

When exercise takes place, there is marked dilatation of capillaries 
in the active region. This has been most convincingly demonstrated 
by Krogh. By injecting indian ink into the blood-vessels of two 
sets of frogs, in one of which the tongues had been stimulated 
to contract for some time previously, he found on examination of 
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sections that many more capillaries could be seen in the active 
muscle than in the resting tissue. 

What causes this dilatation has been a matter of some debate. 
The venous blood leaving a tetanised limb contains a variety of 
vasodilator substances of wliich the most important are carbon 
dioxide, lactic acid, histamine, and adenosine triphosphate (Fleish 
and Weber, 1937). The same substances accumulate locally and are 
released into the venous blood if a part is asphyxiated by obstructing 
its arterial supply, and as might be expected, extensive tetanisation 
of muscles leads to a state like histamine shock. 
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Fig. 87. — Records t-ikcii by the tbcrmoslrobr. S, llio nraonTit of .slimubiUon apjiVu'd to tbe limb. 
AJI,tbo incrc.ascd blood-llow produced iu It. UM, tbo blo‘)d-tlo\v In Uie re-ttini; mnselM of tbe 
opposite aide. I3P, blood-pressure. (Ucdmwn from Itclu.) 

The suggestion that histamine was concerned was first made 
by Lewis and by Anrep, luit more recently Leldborg has found that 
tetanisation results in a secretion of gastric juice, a fact which 
supports the suggestion and which may be of considerable practical 
importance as physical rest is known to be an important thempoutic 
measure in cases of gastric ulcer. 

The actual changes which take place in the blood-tlow in a muscle 
' during and after exercise have been studied by Anrep and by Hein. 
During a severe tetanus the blood-llow through a muscle may cease, 
•but immediately afterwards there is a greatly increased How because 
of the diminished peripheral resistance! During rhythmic stimula- 
tion the flow is greatly increased, as shown in fig. 87. 

At the same time, inifiulscs apjjear to pass up the sensory nerves 
irom the active tissues and bring about dilatation of the vessels 
supplying the part. This is suggested by the woi'k of Lo^•6n, who 
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found that if the afferent nerve from an organ was stimulated, 
dilatation of the vessels in that organ was brought about reflexly, 
although there was at the same time a rise of arterial blooi’ 
. pressure. 

General Vascular Changes.— While there is a local dilatation 
of vessels it is found that there is, provided the exercise is sufficiently 
severe, a rise of systolic blood-pressure. The diastolic pressure rises 
less. This rise is almost entirely brought about by the mental 
effort concerned since exercise without such effort may result in 
a fall and the rise in exercise is little greater than that produced 
by mental effort alone. The rise may be enhanced by stimulation 
of the vasomotor centre by afferent nerves and by carbon dioxide 
produced by the active muscles. 

At the commencement of the exercise the rise is due to an 
increased peripheral resistance and an increased cardiac output. 
As the exercise proceeds the diastolic pressure may actually fall 
because of the dilated vessels. The increased cardiac output is, 
however, maintained by a rise of venous pressure and an increased 
return of blood to the heart. 

The increased flow through the active muscles, together ’with 
the reduction of the capacity of the blood depots, raises the 
venous pressure and this is enhanced by the compression of the 
valved veins. The occurrence of a rise of venous pressure in 
exercise was first found by Hooker and has been amply confirmed. 
At the same time the ' carbon dioxide, as we shall see’ later, 
stimulates respiration, which is such an important factor in causing 
a return of blood to the heart that it is referred to as the respiratory 
pump. At each inspiration the descent of the diaphragm raises 
the pressure in the abdomen, similarly the intrathoracic pressure 
is reduced and blood is, therefore, drawn into the thorax. 

The moment the exercise ceases the blood-pressure, falls 
immediately as seen in fig. 88, p. 170. After bouts of severe and 
prolonged physical training, such as that of commando units, the 
s^'^stoiic blood-pressure may remain low, e.g. 80 mm., for some time. 

Cardiac Changes. — The increased return of the blood to the 
right side of the heart brings about a large increase in the cardiac 
output per minute which may be more than six-fold. This occui's : 
(1) in virtue of the increased filling, which increases the output per 
beat (see Output of Heart) ; and (2) because of the increased heart- 
rate, which is brought about partly as a result of direct action of 
increased venous pressure and warmer blood on the pace-maker, but 
chiefly through the nervous mechanism of the heart. • ■ ■ . 

There is a diminution of the normal vagus restraint of the heart 
and increased sympathetic activity. TMs is^ probably due to a 
variety of causes partly and initially psychic, but continued by 



170 ' THE CONTEOL OF THE CIECULATION [CH. XIV. 

reflex action once the exercise is begun. The latter' effects are 
produced partly by the stimulation of aff’erent nerves in the active 
tissues; but an important mechanism concerned is the Bairibridge or 
right auricular rejiex. 

The Bainbridge or Right Auricular Rejiex. — When the pressure 
in the right auricle rises, impulses pass up the vagi to the 
^ medulla to inhibit the cardio-inhibitory and to stimulate the 


Effect of Moderate Exercise on Heart Rate & Blood Pressure 



Fig. SS.— Note tlie nipi<l rise of ttio n.r. .itul II. U. nt tln> comir.i'ricmcnt of tli(> ('X.tcI-;- a:i'l thi- 
mpicl f.iU even to below normal of the B.I\ at tlie cc^-iation. The lUictmtioin .arc probably rci'.ei 
in origin. (After Ilowcn.) 

carclio-accelerator mechanism, with the result tliat the heart-rate 
increases. This was first demonstrated by Bainbridge,* who injected 
saline into the veins, and it has since been shown that distension 
of a small balloon in the auricle has the same effect. If the vagi 
are cut, the same degree of cardiac acceleration does not occur, but 
since some acceleration occurs after atropine, wliich paralyses the 
vagus-endings, it is evident tliat it is not wholly the reduction of 
efferent impulses of the vagus which is concerned. It is assumed 
then that the afferent pathway of the reflex arc is the vagus nerve, 
and, since cutting the sympathetic nerves still further reduces, 
the acceleration, it is assumed that normally there is not only 
a reduction of vagus restraint, but also an increased sympathetic 
activity. 

After a short spell of gentle exorcise in a healthy adult the 

♦ Bainbriclge (1918) was Professor of Physiology nt Newcastle and at St 
Bartholomew’s Hospital. 
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heart-rate returns to a rate lower than its previous resting value 
presumably because of increased activity of the cardio-inhibitory 
reflexes — this after slowing becomes cumulative. 

CcntTctl Effects . — There is also evidence that the oxygen- want may 
cause a direct central stimulation of the sympathetic and a reduction 
of the normal vagus restraint, thus making it possible for the heart 
to accelerate in spite of the high blood-pressure and the depressor 
reflexes. 

In very severe exercise the rate and force of the heart may be 
still further increased by the secretion of adrenaline from the 
suprarenal glands, but that this does not account for all the above 
• results is shown by the fact that they occur after the glands have 
been tied off. 

Tire Effects of Temperature. — Subsequently, if the exercise 
is prolonged, the body temperature tends to rise and the hot 
blood stimulates the heat-regulating centre and causes dilatation 
of the skin vessels. At the same time there is an increased activity 
of the sweat glands, the metabolites of which also affect the vessels 
in their vicinity. 

The Effects of the Higher Centres. — ^Even before exercise 
begins there is an acceleration of the heart and a general constriction 
of vessels, but how this effect of the higher centres is brought about 
is far fi'om clear. Mental activity alone will bring about similar 
effects, causing in some individuals a rise of pressure of 50 mm. Hg 
above normal. Even minute amounts of mental effort were shown 
by Mosso to cause a diminution in limb volume. This has been 
amply confirmed and it is considered that the diminution of the 
electrical resistance of the skin, the so-called psychogalvanic reflex, 
which accompanies such effort, is due to this vasoconstriction, 
for it has been shown that all circumstances which cause vaso- 
constriction of the skin {e.g. the injection of adrenaline or pituitrin 
or cold applied to another part of the body) cause a similar fall in 
the electrical resistance. 

It has been suggested that the sweat glands are concerned in the reaction, but 
Waller has shown that atropine does not abolish the reaction, and profuse sweating 
does not cause such a fall unless the skin has been dry. It is probable, how- 
ever, that if the sweat glands and the vessels thereto are absent, as sometimes 
occurs, the reaction also is absent. The suggestion that the reaction is not 
really due to a change in resistance is negatived by the observation that it occurs 
if an alternating current is used in the determination of the resistance. Changes 
. in electrical potential also take place, but unlike the changes of resistance are not 
abolished if the limb is emptied of blood by baiidaging. 

The electrical resistance depends on the superficial layers of the 
epidermis (Lewis and Zottermann), which according to Densham are 
deformed by the vasoconstriction of the underlying vessels of the 
dermis. Since similar changes occur on sensory stimulation in 
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animals and in man, if such stimulation is merely threatened the 
so-called effects of the higher centres may he looked upon as being 
in some way due to a “ conditioned sensory stimulation.” 

The vascular effects of emotion are by no means confined to the 
skin. It has been found possible to keep the spleen or the colon of 
a dog outside the abdominal wall. The epithelium rapidly grows 
over it and the animal suffers no discomfort (Hargis and ^lann, 
Barcroft and Stevens, Drury and Florey). In states of emotion the 
spleen and the vessels of the colon are seen to constrict. 

The Effects of Training. — As might be expected, training 
makes the circulation more efficient, a fact wliich is particularly 
well seen in relation to the output of the heart, which in the very 
highly trained athlete is stated to reach the astounding figure of 
30 litres per minute during severe exercise. The size of the heart 
as seen by X-rays is increased. 

The increase is brought about more by an increased output per 
beat than by an increased heart-rate ; indeed, exercise increases the 
heart-rate less in the trained than in the untrained man. We have 
already noted that the heart-rate is markedly slower in the former, 
presumably the result of an increased acti\'ity of the general depressor 
reflexes from the carotid sinuses and cardio-aortic regions. It is 
probable, too, that the vascular component of the depressor reflexes 
is also increased; that is, the total capacity of the circulation and 
total blood volume is increased. The effect of training on the 
circulation is seen in relation to the output of the heart. 
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The above figures were recorded by Liiulhard from the same 
individual at rest before and after training. (Bainbridge, Schneider.) 

Effect of Ghavity on the Ciuculation. 

The main effect of gravity is that the blood tends to accumulate 
in the veins of dependent parts. Tims, if an animal is placed 
suddenly with its legs hanging down, less blood returns to the 
heart, and tlie blood-pressure in the arteries falls temporarilv 
in consequence. If the vasomotor system is acting properly, how- 
ever, the blood-pressure rapidly returns to normal as the fall of 
blood-pressure together with the })avtial cerebral amemia causes 
stimulation of the heart and of the vasomotor centre and vaso- 
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constriction of the splanchnic area. If the vasomotor centre is 
inefficient, the cardiac acceleration is all the more marked. Xiconard 
Hill^^ suggests that this might be used as a test of vasomotor 
efficiency. At the same tune increased respnation causes an 
increased return of blood to the heart (see Effect of Eespiratory 
Movements on Circulation). 
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The efToct of cbaiigo of postuvo on tlie bc.avt-r.'ite (HR) and blood-pressure (BP) of be-althy young 
adults. Great individual variability occurs. 


A very strildng illustration of- the effect of gravity on the circula- 
tion can be demonstrated on the eel. The animal is antesthetised, 
and a small window is made in the body wall to expose the heart. 
If the animal is then suspended tail downwards, the beating heart is 
seen to be empty of blood ; all the blood accumulates in the tail and 
lower part of the body; the animal has no 'A'espiratory pump,” such 
as a mammal possesses, to overcome the effects- of gravity. If, 
however, the animal, still with its tail downwards, is suspended in 
a tall vessel of water, the pressure of the water outside its body 
enables it to overcome the hydrostatic effect of gravitation, and 
the heart-cavities once more fill with blood duiing every diastole. 
Another experiment was originally performed by Salathe on a 
" hutch ” rabbit. If the animal is held by the ears with its legs 
hanging down, it soon becomes, unconscious, and if left in that position 
for about half an hour it will die. This is due to aneemia of the 
brain ; the blood accumulates in the very pendulous abdomen which 
such domesticated animals acquire, the vasomotor mechanism of 
the splanchnic area is deficient in tone, and cannot be set into such 
.vigorous action as is necessary to overcome the effects of gravity. 
Consciousness is, however, soon restored if the animal is placed in a 
horizontal position, or if while it is still hanging vertically the abdomen 
is squeezed or bandaged.. A wild rabbit, on the other hand, suffers no 
inconvenience from a vertical position ; it is a more healthy animal 
in every respect; its abdomen is not pendulous, and its vasomotor 
power is intact. 

It may be shown that carbon dioxide is necessary for the adequate 
response of the vasomotor centre to posture (McDowall). An anmai 
may respond perfectly if the carbon dioxide is normal, but if it is 
over-ventilated it no longer responds. Some persons show the 
same reaction. 

* L. Hill was Professor of Physiology at the London Hospital. 
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The transient giddiness experienced after an illness on assuming 
the erect posture is due to similar cerebral ansemia. The debility 
following influenza is in part due to this cause ; in some instances 
the arterial pressure, although normal in the horizontal position, 
falls to under 80 in the erect posture. 

The Effect of Centrifug^vl Force. 

Centrifugal force equivalent to several times that of gravity 
may affect pilots of aircraft when making rapid turns. The sudden 
fall of blood-pressure produced causes a visual black-out which 

may be counteracted by abdominal compression. 

• /> 

The Effect of Haemorrhage. 

The effects of hcemoiThage depend on its severity and its 
duration, and are important as by them the clinician diagnoses 
internal hmmoi’rhage. 

If a small amount of blood is removed from the body there is 
a temporary fall of arterial blood-pressure during the removal from 
which there is rapid recovery. This recovery is due largely to 
increased activity of the vasomotor centre. How the centre is 
stimulated is not quite certain. It has been common to explain the 
increased activity as the result of a reduction of depressor impulses 
from the carotid sinus and cardio-aortic region. This does not, 
however, occur unless the hannorrhage is very severe ; indeed small 
degrees of hmmorrhage increase the activity of the depressor reflexes. 
It has also been shown that after hremorrhage pressor impulses 
pass up the vagus (l^IcDowall). The presence of such pressor fibres 
,in the vagi is shown by the fact that after severe hremorrhage section 
of the nerves causes a fall of arterial pressure (Pavlov). The activity 
of the vasomotor centre causes the spleen to constrict and to throw 
into the circulation its reserve of blood. It causes also constriction 
of the vessels of the intestine and of the skin, which leads to obvious 
paUor. This constriction of vessels increases the peripheral resistance 
and hence the large fall of venous pressure which persists much 
longer than the arterial fall. 

This fact is probably of considerable practical value as bleeding 
may be used as a therapeutic measure to redvico the work to bo done 
by a weak heart. 

If the hremorrhage is severe the recovery process is slower, but the 
blood volume is rapidly made up from the tissue fluids which enter 
the blood as a result of the fall in capillaiy pressure. If the 
hremorrhage is repeated over a period of weeks the yellow marrow 
of the bones becomes red through increased acti^'itv and commences 
to form blood-corpuscles. 
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The heart-rate is usually increased by hsemorrhage as a result of 
a reduction in the hnpulses wliich normally depress the heart via the 
vagus centre. In severe haemorrhage the oxygen-lack produced also 
stimulates the sympathetic, hut there are several points in relation to 
the cause of the increased heart-rate which still need investigation. 

It has been found, however, that in many donors at blood-depots 
the heart becomes slow when half a pint of blood is removed, but this 
may be psychological. 

The respiration, we have seen, at first becomes deeper and more 
rapid ; it then changes its character, inspiration being more prolonged 
(air hunger). Finally, there is gasping and the centre fails. The 
initial increased activity (air hunger) greatly aids the return of 
blood to the heart (see Effect of Eespiration on Circulation). 

Unless a large vessel is opened haemorrhage is for various reasons 
seldom fatal. The damaged blood-vessel retracts and contracts, 
and tins, together with the clotting of the blood, tends to close the 
opening, while the formation of the clot is facilitated by the fall of 
arterial pressure. For these reasons a section even of such a large 
vessel as the radial artery may not cause death. 

The extensive practice of bleeding, usually about f pint, for 
the collection of blood for transfusion purposes in war-time has 
led to an extensive study of the changes winch take place in man. 
These are almost the same as occur in animals, but often there is 
no. active sympathetic reaction but the reverse, with a slowing of 
the heart, fall of blood-pressure, and fainting. How far this is 
psychological and how far it is due to loss of activity of the vaso- 
motor centre consequent on overbreathing, or the actual loss of 
blood, has not been decided. There is great individual variability, ' 

Local Peculiarities of the Circulation. 

The Coronary Circulation. — A separate blood supply to the 
heart is peculiar to animals above the reptiles. In mammals the 
amount of the coronary flow is remarkable, and it is estimated that 
it takes about a quarter of the total cardiac output.* , This has been 
ascertained in a heart-lung preparation (7.^) in which it is easy to 
measure the output by collecting the blood as it flows from the 
coronary sinus by means of a special cannula. The rate of inflow 
may also be studied by supplying the coronary vessels of a beating 
heart with blood from a reservoir and recording by means of a 
rapidly • acting optical recorder the interruption to the flow caused 
by the beat of the heart (Wiggers). The flow in the coronary 
arteries practically ceases during the systole of the heart which 

* It is doubtful if this figure holds for the intact animal although it is true of 
the hearl-lung preparation (Anrep). 
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can be looked upon as massaging the coronary circulation, the 
flow from the venous sinus being .greatest at the beginning of 
systole (Anrep). 

As in museles generally the flow is increased by exercise, by 
oxygen-want, and to a lesser extent by excess of carbon dioxide. 
In exercise it is calculated that the flow may amount to as much 
as 14 litres per minute. 

The flow varies according to the mean aortic blood-pressure. 
Anrep and Segall found that a rise of pressure from 50 to 130 mm. Hg 
would cause a rise from 20 to 250 c.c. per minute in the denervated 
heart-lung preparation. As the cardiac output increases, so also 
does the flow when the cardiae nerves are intact. 

The vessels are constricted by stimulation of the vagi and 
dilated by sympathetic stimulation or by adrenaline. The muscle 
of the heart then appears in this respect to be little difibrent from 
the voluntary muscles wliicli it serves. 

The Pulmonary Circulation. — A consideration of this circula- 
tion is deferred until respiration has been studied, as it is profoundly 
affected by the respiratory movements. 

The Cerebral Circulation. — The brain must always be supplied 
with blood, for otherwise immediate loss of consciousness would 
follow. Four arteries — two carotids and two vcrtebrals — are supplied 
to the brain, and these anastomose together in the circle of 'Willis. 
Two of the brain arteries can be tied in monkeys, and three or even 
all four in dogs, wdthout the production of serious symptoms. In 
the last case enough blood reaches the brain by branches from 
the superior intercostal arteries to the anterior spinal artery. In 
man the sudden occlusion of both carotids causes loss of 
conseiousness. 

The large venous trunks or sinuses are formed so as to be scarcely 
capable of change of size, surrounded, as they are, by the tough tissue 
of the dura mater, and, in some instances, bounded on one side by 
the bony cranium. There are no valves between the vertebral veins 
and the vena cava, and hence any raising of the general venous 
pressure in the thorax or abdomen is communicated to the brain, 
a fact which no doubt contributes to the occurrence of cerebral 
lueraorrhage when straining at stool. 

Since the brain is enclosed in the rigid cranium, it used to be 
thought that the quantity of blood must bo the same at all times 
and that changes in the blood-ilow must bo dependent on the con- 
dition of vessels in other parts of the body. The arteries, however, 
have muscular walls and are supplied by nerves. 

In 1928 Forbes and 'Wolff, by introducing a window into the 
skull in order to maintain the normal environment of the vessels, 
were able to observe that the vessels contract when the cervical 
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syinpatlietic is stimulated and dilate on stimulation of the central 
end of the vagus. Indeed, the cerebral vessels have been shown to 
react to various procedures exactly as do the vessels elsewhere. 
The exact significance of these facts is not quite clear. It may be 
that when a local change in the vessels takes place there is com- 
pensatory change in other parts, or it may be that the cerebral fluid 
within the cranium may change appreciably in quantity. It seems 
possible that when one part of the brain is active, other parts of the 
organ become less active ; indeed, it is common experience that we 
cannot use the whole of the brain at once. The physiology of 
attention may depend on these facts. Of interest in this respect 
is the observation that the intravenous injection of hypertonic saline 
causes a distinct reduction of the volume of the brain. 

These experiments confirm the observation of Claude Bernard, 
who found an increase of brain temperature on section of the 
ceiudcal sympathetic. Several workers, e.g. Cyon and later Wiggers, 
have demonstrated that the vessels are constricted by adrenaline. 

At the same time the cerebral cii’culation is profoundly influenced 
by the general blood-pressure. If this falls, the blood-flow 
through the, brain may be so reduced that miconsoiousness occurs, 
as in fainting, when the vessels of the body generally become 
dilated. 

It is not the volume of the blood in the brain so much as the 
velocity of its flow which is altered by changes in the general circula- 
tion. If the aortic pressure rises and the vena cava pressure remains 
constant, there is increased velocity of flow. While if the' aortic 
pressure remains constant and the vena cava pressure rises, there is 
diminished velocity of flow. 

The brain presses against the cranial wall with a pressure equal 
to that in the cerebral capillaries. A foreign body introduced 
, within the cranium, such as a blood-clot or depressed bone, produces 
local anaemia of the brain, by occupying the room of the blood. So 
soon' as the capillaries are thus obliterated the 'pressure is raised to 
arterial pressure. The serious results that follow cerebral com- 
pression are primarily due to obliteration of the capillaries, and 
consequent aneemia of the brain. A very small foreign body will, 
if situated in the region of the bulb, produce the gravest symptoms, 
for apart from trauma it may cause aneemia of the centres which 
control the vascular and respiratory systems. The cerebral hemi- 
spheres may, on the other hand, be compressed to a large extent 
without causing a fatal result. 

Heemorrhage from a fractured skull may cause the brain to be 
forced downwards and compress the medulla against the foramen 
magnum. When compression occurs from any causes a sequence of 
events may occur. Birst the centres are stimulated, vasomotor, cardio- 
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accelerator and cardio-inhibitory — in that order — and later they all 
are paralysed^ together with the respiratory centre, and death results 
if the compression is not relieved. 

The Cutaneous Circulation. — ^The circulation through the skin 
is of special importance as many of the changes which occur in it are 
visible to the naked eye and- are important in the diagnosis of 
disease. The changes which occur affect its colour and temperature. 

The blood-vessels of the skin consist of two plexuses, a sub- 
papillary plexus which sends capillary loops into the skin papillre 
(see skin), and a sub-dermal plexus. No vessels pass to the epidermis, 
but if this is rendered transparent by oil the capillar}^ loops may be 
seen through it. Apart from pigmentation, it is the amount and 
quality of the blood in the sub-papillary venous plexus which 
determines the colour of the skin. The following conditions may occur. 

1. The arterioles, capillaries, and venules may be constricted. 
This causes the skin to be pale and cold and occurs typically in 
haemorrhage and in shock. This occurs because the skin, especially 
the sub -papillary plexus, is one of the important blood-depots of the 
body and in man may contain 1 litre of blood. Exposure to cold, 
which constricts the skin vessels and probabl}' others, may increase 
by direct- action and reflexes the output of the heart by as mucli 
as 50 per cent. The vessels of the skin appear to be kept open 
largely by the pressure of the blood within them, for they constrict 
when the activity of the vasomotor centre is reduced and the vessels 
of the body generally dilate as in the ordinary faint. A less marked 
pallor occurs when there is a deficiency in hremoglobin in the blood. 

2. The arterioles, capillaries, and venules may be dilated. This 
causes the skin to be red and warm. It occurs typically in 
inflammation and after irritation of the skin. 

3. The arterioles and venules may be dilated but the capillaries 
constricted. This causes a hot pale skin, which occurs sometimes in 
fevers and after loss of the nerve supply, since the capillaries but 
not the arteries may regain their tone. 

4 . The arterioles and venules may bo constricted but the 
capillaries dilated. This causes a cold blue skin, since. blood trapped 
in the skin capillaries loses its oxygen. It occurs in the 
extremities when exposed to severe cold and represents an attempt 
of the body to conserve heat. 

Whether the skin is blue or pink when the circulation is normal 
depends on the colour of the blood itself, and particularly on the 
amount of reduced hemoglobin in the arterial blootl. When the 
total hcemoglobin of the blood is low as in anaemia the patient is 
pale and even in mild asphyxial stales does not become blue, since 
the amount of reduced ha3moglobin is not suflicient to produce this 
colour. 
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Mottling of the skin is seen in many fevers and is considered to 
be due to the patchy nature of the circulation. A mottling of 
the skin over the shins can be produced by sitting too close to an 
open fire. This is popularly known as “ G-ranny’s tartan.” 

The Response of the Skin to Mechanical Injury. 

If the skin in a normally unexposed part is stroked with a 
blunt object a white line is produced, but if the stimulus is just 
sMghtly more severe it is followed rapidly by a red line. The 
first is due to mechanical stimulation and contraction of the 
capillaries and the second to the local production of a chemical 
substance (like histamine, Lewis). This is shown by the fact that 
the duration of the reddening is affected by the rate of circulation 
through the part. In some persons with sensitive skins the reaction 
may be much more severe and actual wheals may be produced. 

Outside the area stroked appears a red flare or flush. This, 
since it is abolished by nerve section or ansesthetisation, has been 
shown to depend on nervous reflexes. The complete phenomenon 
terminating in whealing is called the triple response. 

In normal persons a number of procedmes may bring about 
whealing and blistering of the skin, e.g. excessive heat or cold or 
mechanical injury. The evidence is very complete that the blister 
is produced as a result of the similar release of ,a histamine-like 
substance which dilates the capillaries and causes their walls to 
be abnormally permeable so that the fluid of the blood seeps through 
too rapidly. 

Erectile Structures. — The instances of greatest variation in the quantity of 
blood contained, at different times, in the same organs, are found in certain 
structures which, under ordinary conditions, are soft and flaccid, but, at certain 
times, receive an unusually large quantity of blood, become distended and swollen 
by it, and pass into the state which has been termed erection. Such structures are the , 
corpora cavernosa penis and corpus cavemostim urethrce in the male, and the clitoris 
in the female. The corpus cavernosum penis, which is the best example of an erectile 
structure, has an external fibrous membrane or sheath ; and from the inner surface 
of the latter are prolonged numerous fine lamellfe which divide its cavity into 
small compartments. Within these is situated the plexus of veins on which fte 
peculiar erectile property of the organ mainly depends. It consists of short veins 
which very closely interlace and anastomose with each other in all directions, and 
admit of great variations of size, collapsing in the passive state of the organ, but 
capable of an amount of dilatation which exceeds beyond comparison that of the 
arteries and veins which convey the blood to and from them. The strong fibrous 
tissue lying in the intervals of the venous plexuses, and the external fibrous 
membrane or sheath with which it is connected, limit the distension of the vessels, 
and during the state of erection, give to the penis its condition of tension and firm- , 
ness. The same general condition of vessels exists in the corpus cavernosum 
urethrae,- but around the urethra the fibrous tissue is much weaker than around the 
body of the penis, and around the glans there is none. The venous blood is 
returned from the plexuses by comparatively small veins. For all these veins one 
Condition is the same ; namely, that they are liable to the pressure of muscles when 



180 THE CONTROL OF THE CHICULATION [CH. XIV. 

they leave the penis. The muscles chiefly concerned in this action are the erector 
penis and accelerator urinse. Erection results from the distension of the venous 
plexuses ■with blood. The principal exciting cause in the erection of the penis 
is psychological but it may also be produced by irritation, originating in the part 
itself, and derived reflexly from the brain and spinal cord. The nervous influence 
is communicated to the penis by the pudendal nerves, which ramify in its vascular 
tissue ; and after their division the penis is no longer capable of erection. 

Erection is not complete, nor maintained for any time except when, together 
■with the influx of blood, the muscles mentioned contract, and by compressing the 
veins, stop the efiiux of blood, or prevent it from being as great as the influx. 

The Magnitude and Variability of the Arterial Pressure. 

In \new of the ease with which hlood-pressiire may be deter- 
mined and the practical importance of the subject, we may now 
summarise the factors which determine and vary its magnitude. 

1. The- Pcrijjhcj'al Ecsistancc. — Tliis may be reduced by removal 
of the nervous control of the blood-vessels, or by the action of 
chemical substances. It is increased similarly by any means which 
constrict the peripheral vessels. 

2. The. Masticiiy of the Vessels. — No change occurs physio- 
logically but in disease and in old age the vessels may degenerate and 
become less extensible. An associated reduction of calibre leads to 
a high blood-pressure. 

3. The OiUjmt of the Heart. — ^This in turn depends on ; (n) the 
efficiency of the heart ; (6) the venous return. A marked reduction 
in either causes a fall of arterial pressure if severe, but lesser degi-ees 
are compensated for by an increase in the peripheral resistance and 
a diminution in the capacity of the circulation. From the point of 
view of clinical medicine it is important to note that in slow heart 
failure the blood-pressure falls only towards the end. The factors 
wliich vary the venous return have already been discussed and may 
now bo summarised. They are: the amount of blood in the body, 
the capacity of the circulation especially of the veins and capillaries, 
the amount of blood reaching the veins from the arteries, the 
respiratory movements, and capillary compression in exercise. 

The Efficiency of the Circulation. 

Many attempts have been made to arrive at some standard by 
which the efficiency of the circulation may bo measured, since failure 
of the circulation, especially of the heart, is a common concomitant 
of disease and limits capability for work. Tho difficulty is that 
muscular capability varies very much, and what may be strenuous 
exercise to one subject may bo negligible to another. All such tests 
attempt to ascertain tho tolerance of tho heart to olTort. 

The Effort Tolerance Test was introduced by Cotton and Lewis, 
1918, and as used by Schneider consists of stopping on and off 
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a stool 18-1 inches liigh 5 times in 15 seconds and recording the 
time taken for the pulse to return to normal. This mild exercise 
causes a moderate rise in the heart-rate hut there is a rapid return 
to normal. If the heart does not return to normal in 1 minute (ie. 
does not get rid of the increased venous pressure) it is prohahly 
■ inefficient. . In ail such tests it is essential that the subject should 
be at physical and mental rest before commencing the test. 

The 40 Millimetre Test. — In the Eoyal Air Force the 40 mm. 
test is used. In this test the subject after a deep breath blows 
(with his nose clipped) into a mercury manometer and maintains 
its level at 40. A fit subject should maintain this pressure for 
52 seconds and show no change in blood-pressure or heart-rate until 
he reaches “breakmg point.” The test is purely arbitrary and is 
somewhat difficult to analyse, as it involves respiratory acid-base 
and mental as well as circulatory considerations. 

The response to posture may also be taken as an indication of 
circulatory efficienc}'’ (Leonaixl Hill, 1894). The more efficient the 
circulation the less is the increase of the heart-rate when a recumbent 
subject assumes the erect posture. In efficient persons the heart- 
• rate does not increase on standing nor should there be any fall of 
arterial pressure, indeed there is commonly a rise of 5-10 mm. 
of mercury. The test has been elaborated by Crampton in America 
who devised a scale by which an efficiency index was arrived at. 

Turner has elaborated the test still further and in arriving at an 
index takes_'into consideration the reclining pulse-rate, the pulse 
pressure, the diastolic pressure, and the effect of prolonged gmet 
standing (15 minutes). 

The Oxygen Consumption Test. — This test has not been much 
used, but from the work of Hemingway and his colleagues it would 
seem that it is probably the best test in fit persons — ^in whom the 
. oxygen-uptake should reach 2000 c.c. per minute, but may actually 
reach 5000 c.c. It is a combined test for the hsemo-respiratory 
system. 

All such tests may be supplemented by noting the effect of 
. a moderate exercise on respiration and the sensations of the subject 
generally. 
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THE BLOOD DEPOTS 

It has now become clear that all the blood in the body is not 
in active circulation. Some is circulating slowly or may even 
be stagnant in certain parts. It is, however, readily available 
should necessity such as imposed by exercise or htemorrhage 
demand. 

One of the most important depots is the skin. The pallor of 
the skin in illness and particularly in htemorrhage, especially if 
the haemorrhage is internal, has an important diagnostic value. 
It is probable that practically all the organs of the body participate 
with the possible exception of the brain, heart and muscles. Another 
important depot is the splanchnic region, including the liver, and 
according to some workers the lung can act in this way. 

As we liave seen in relation to the control of the circulation, 
it seems probable that a chief function of the general vasodilator 
reflexes is the maintenance of the blood depots at adequate capacity. 
It would seem that the spleen has a special function as a depot 
and it is therefore considered separately. 

The Spleen, which lies to the left of the stomach, is a sponge-like 
organ covered with a fibro-elastic smootli muscular coat from which 
trabeculrc of muscular and fibrous tissue run to the interior. Its 
histological appearance gives but little clue to its function, because 
at death it is in a state of extreme contraction. Although many 
red blood corpuscles are seen in the usual histological sections, 
white blood corpuscles predominate, and tlie organ has the general 
appearance of a lymph gland in which are placed the chamcterislic 
Malpighian corpuscles, which arc aggregations of white colls around 
growing centres, but the difierencos in its appearance from time to 
time led G-ray the anatomist, in 1854 to describe it as a storehouse 
for blood. This was amply confirmed by Brircroft and others who 
were led to the study of the organ by finding that carbon monoxide 
did not enter and leave the splenic blood so rapidly as it did the 
blood of the animal as a whole. They found also that the blood of 
the normal spleen is specially rich in red blood corpuscles. It is, 
however, ver}’’ ditlicult to say how important this function is in man 
for the capsule of the human spleen is almost devoid of muscular 
"tissue. 
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the vasomotor centre and sympathetic nervous system generally 
are active the spleen is markedly reduced in size, as Barcroft has 
recently shown in the dog, by bringing the organ permanently to 
the surface, so that it may be observed under varying conditions. 

A striking fact regarding the spleen is the surprising speed with 
which it may contract or relax (fig. 89, p. 183). 

Other. most ingenious methods have been used to observe its 
changes in the animal. For example, clips opaque to X-rays have 
been attached to its margins (McSwiney and Spurrell), It becomes 
fixed in this position, epithelium rapidly grows over Jt and no 
apparent discomfort is caused. Its contractions can then be 
observed (Barcroft and Stephens ; Hargis and Mann). 

At first sight it might seem that the amount of blood stored by 
the spleen is negligible but it has been shown by Daly on a closed 
heart-lung preparation that quite small quantities of blood, c.g. 30 c.c., 
make large changes in the circulation rate as the cardiac output 
is much increased, -c.g. by 500 c.c. per minute. Actually it has 
been calculated that contraction of the spleen can increase the 
blood volume by 10 to 12 per cent, and the blood count by about 
5 per cent. The blood expelled fi-om the spleen is specially rich 
in red cells. 

In the body this reduction of spleen capacity is detracted from 
to some extent in exercise by the increased capacity of the active 
tissues, but it must be imdorstood that the power of acting as a 
storehouse forblood is probably shared by a number of abdominal 
organs, • e.^r. the intestine and liver. For example, the exteriorised 
colon constricts in circumstances similar to those which afioct the 
spleen. 

The circumstances which cause constriction in the unanresthetised 
animal are emotion, oxygon-want and conditions which cause general 
sympathetic excitement. 

It seems probable that in some of the lower animals the spleen is 
of more importance as a blood-depot than in man. In the cat it 
may contain a third of tho blood corpuscles in the body and about 
one-sixth of the total blood volume. In man the relative amoimt is 
much less and the spleen is much less muscular. It can bo removed 
without producing any harmful eflect. 


Other Functions of the Spleen. 

The.presencoof the Malpighian corpuscles with large nucleated colls 
and of so many white blood corpuscles in dillbront stages of formation 
and its rhythmical contractions suggest, however, that in addition to 
being a blood depot it i)robably has functions in regard to the 
quality of tho blood. It would appear that a given quantity of 
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blood is held in the organ for a certain space of time and is thereby 
purified, or has added to it properties which are important. The 
spleen has been found to have the following additional functions 

(1) The spleen, lilce the lymphatic glands, is engaged in the 
formation of the white Uood-corpuscles, for the blood of the splenic 
vein contains an unusually large proportion of lymphocytes. 

Eemoval of the spleen is not fatal; but after its removal 
there is an overgrowth of the lymphatic glands to, make up for 
its absence. ' 

(2) It plays an important part in some young animals in the 
formation of red blood-corpuscles, and in these when the spleen is 
removed the red bone-marrow hypertrophies. 

(3) It also' assists in the destruction of effete red blood- 
corpuscles and is therefore rich in lipides — cholesterol and lecithin — 
and in iron, of which it may be considered a storehouse. In most 
animals the organ is particularly rich in re ticulo -endothelial cells, 
which as we shall see later have a particular function in ridding 
the blood of general debris. 

(4) The spleen participates in nitrogenous metabohsm, especi- 
ally in the formation of uric acid (see Purine Metabolism). 

These functions do not appear to be particularly, important in 
normal persons, for, as we have seen, the spleen may be removed 
without any apparent harm to the subject. In disease, e.g. malaria, 
in which it helps to deal with the parasites, these functions of the 
spleen become grossly deranged, and instead of being a comparatively 
insignificant organ, it may become enormous. 


Hfemolymph Glands. 

The existence of glands which partake of the nature both of the 
spleen and of lymphatic glands, has long been known. They have 
been fully investigated by Lewis. He finds them in most mammals, 
and they can be readily distinguished from ordinary lymphatic glands 
by their red colour. He distinguishes (1) hceonal glands, which are 
characterised by the fact that the sinuses contain blood only ; the 
spleen is in fact a large haemal gland ; and (2) hcemal lymphatic 
glands, in which the sinuses are filled with a mixture of blood and 
lymph. 

The Control of the Blood Depots, including the Spleen.-— It 

now seems probable that the blood depots are controlled primarily 
by the depressor reflexes from the carotid sinus and the arch of 
the aorta. When blood is needed for any purpose, e.g. for muscular 
exercise, these reflexes are reduced with the result that the depots 
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constrict and their store is thrown into active circulation. This 
reduction takes place primarily as a result of mental activity and 
produces (like a sponge being squeezed) an increased flow of blood to 
the heart. This in turn is responsible for the marked increase in 
systolic pressure which occurs in mental excitement. There is also 
splenic contraction as in hfemorrhage (see p. 174). 

The evidence for the control of the blood depots by the depressor 
reflexes is circumstantial. It has been found experimentally that 
the depots dilate when the afferent paths of the reflex arcs are 
stimulated {e.g. the central end of the aortic depressor nerve) while 
inversely they contract if the reflexes are reduced {c.g. the carotid 
sinus impulses by occluding the common carotid artery). The 
probabihty that the depots constrict during exercise and in mental 
activity is suggested by the marked increased output of the heart, 
associated with an increased systolic pressure without a corre- 
sponding increase in diastolic pressure. This is confirmed by 
observations on the exteriorised spleen already referred to. It is 
known, too, that the effect of the vagus on the heart is reduced in 
exercise, and that vagus activity depends on the activity of the 
depressor reflexes. Experimentally, all procedures which reduce 
the action of the vagus also reduce the actiWty of vascular com- 
ponents of the depressor reflexes (see p. 166) c.g. a rise of venous 
pressure and the injection of adrenaline. The rise of blood-pressure 
and increased heart rate in exercise in spite of the depressor retlexes 
•suggest that these reflexes are reduced in such circumstances. 

The Relationship of the Blood Depots to the Tissue Fluid. — 
It has been emphasised by Cannon that in addition to calling on the 
blood depots the body normally may call also on the tissue fluid in 
cases of emergency sucli as liamiorrliage. lie considers the sub- 
cutaneous tissue as a specially valuable inundation area. 
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As the blood circulates through the capillaries, some of its liquid 
constituents filter through the thin walls of these vessels, carrying 
nutriment and oxygen to the tissue cells. Tliis exudation is called 
tissue fluid. In the tissues it has added to it the products of 
metabolic activity, notably water and carbon dioxide. Some of the 
tissue fluid finds its way back to the venous end of the capillaries, 
but most is collected in the lymph channels, which converge to 
the thoracic duct — the main lymphatic vessel — and thus once 
more enters the blood-stream at the junction of the left internal 
jugular and left subclavian vein (fig. 90). There is a smaller duct 
on the right side. 

Lymph is therefore a fluid, which comes into much more intimate 
relationship with metabolic processes in the tissues than the blood. 

Lymphatic Vessels. 

The lyvvph is gathered up and carried back again to the blood 
by a system of vessels called lymphatics.* 

. The principal vessels of the lymphatic system are, in structure, 
like small thin-walled veins, provided with numerous valves which 
give them a beaded appearance. They commence in fine microscopic 
lymph capillaries, in the organs and tissues of the body. The fluid 
which they contain passes in one direction only from the fine 
branches to the trunk, and so to the large veins, on entering which 
it is mingled with the stream of blood. The lymphatic vessels of 
the intestinal canal are called lactcals, because during digestion (if 
the meal contains fat) the fluid contained in them resembles milk 
in appearance ; and the lymph in the lacteals during the period of 
digestion is called chyle. Chyle is lymph containing finely divided 
fat-globules. We shall see presently that in some part of its course 
the lymph-stream passes through lymphatic glands. 

Origin • of Lymph Capillaries. — ^Tbe lymphatic capillaries com- 
mence most commonly either (a) in closely-meshed networks (figs. 90 
and 91), or (&) in irregular lacunar -spaces, lined by endothehum, 

* Some authors consider the tissue fluid and lymph to be separated by the 
'wall of the lymph channels. (See below,) 
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Between the various structures of which the different organs 
are composed. These spaces, -according to some authors, freely 
communicate with the cell spaces of the tissues; but some hold 
that no such communication exists, and that the Ijunphatics are 
everywhere closed at their origins like the lacteals which originate 
as blind dilated lymph spaces in the viUi of the small intestine (see 
Small Intestine). 

The structure of lymphatic capillaries is very similar to that 
of blood capillaries ; their walls consist of a single layer of elongated 
endothelial cells with sinuous outline, which cohere along their edges 
to form a delicate membrane. They differ from blood capillaries 
mainly in their larger and very variable calibre, in the presence of 
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valves, and in the fact that wlien broken repair of their endothelium 
does not occur so rapidly. 

In certain parts of the body, stomaia exist, by which lymphatic 
capillaries directly communicate with parts formerly supposed to 
be closed cavities. Thej' have been found in many serous 
membranes; a serous cavity thus forms a largo lymph-sinus or 
widening out of the lymph-capillary system with which it directly 
communicates. 


Lymphatic Glands. 

Lymphatic glands are round or oval bodies var}ing in size 
from a hemp-seed to a bean, interposed on the course of the lymphatic 
vessels, and through which the lymph passes in its course to be 
discharged into the blood-vessels. TJiey are found in great numbers 
in the mesentery, and along the great A'cssels of the abdomen, thorax, 
and neck ; in the axilla, and groin ; a few in the popliteal space, and 
in the arm as far down as the elbow. 

A lymphatic gland is covered externally by a capsule of con- 
nective tissue, generally containing some unstriped muscle. At the 
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inner side ,of the gland, the capsule sends inwards processes called 
trabcmlcc in which the blood-vessels are contained, and these join 
with other processes prolonged from the inner surface of the 
part of the capsule covering the convex or outer part of the 
gland; they have' a structure similar to that of the capsule, 
and, entering the gland from all sides and freely communicating, 
form a fibrous scaffolding. The interior of the gland is seen on 
section, even when examined with the naked eye, to he made 
up of two parts, an outer or cortical, which is light coloured, 



and an inner or mcdidlary portion of redder appearance (fig. 
91). In the outer part, or cortex, of the gland the intervals 
between the trabeculm are large and regular ; they are termed 
alveoli; whilst in the more central or medullary part is a 
finer meshwork formed by an irregular anastomosis of the 
trabecular processes. Within the alveoli of the cortex, and in the 
meshwork formed by the trabeculse in the medulla, is containe 
lymphoid tissue; this occupies the central part of each alveolus, 
but at the periphery, surrounding the central portion and immecha e } 
next the capsule and trabeculse, is a more open meshwork of le i orm 
tissue constituting the lympli-path, and containing but few ymp 
corpuscles. At the inner part of the alveolus the central mass 
divides into two or more smaller rounded or cord-like masses w c , 
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joining with those from the other alveoli, forms a much closer 
arrangement- than in the cortex; spaces (fig. 92) are left within 
these anastomosing cords, iu which are found portions of the 
trabecular meshwork and the continuation of the lymph-path. 

The lymph enters the gland by several afferent . vessels, which 
pierce the capsule and open- into the lymph-path ; at the same time 
they lay aside all their coats except the endothelial lining, which is 
continuous with the lining of the lymph-path. The efferent vessels 
begiu in the medullary part of the gland, and are continuous with 
the lymph-path here as the ' afferent vessels are with the cortical 
portion. 

The efferent vessels leave the gland at the Mins, and either at 
once, or very soon after, join together to form a single vessel. 

Blood-vessels wliich enter and leave the gland at the liilus are 
freely distributed to the trabecular and lymplioid tissues. 

The Formation of Tissue Fluid and Lymph. 

The section on the passage of substances through membranes 
should be read by those unfamiliar with these subjects. 

The formation of lymph may be investigated by putting a cannula 
into the thoracic duct and studying the amount and composition of 
the lymph under different conditions. Information may also be 
obtained by observing the circumstances in which fluid accumulates 
in the tissues and causes the swelling known as oedema or dropsy. 
This swelling is characterised by the fact that if present in the 
subcutaneous tissue as it commonly is in heart or kidney disease, it 
pits on pressure — that is, if the finger is pressed firmly into it a pit 
persists for some time. 

The amount of fluid in the tissues may be increased in four ways, 
the first three of which also increase l}mph-flow. 

1. By increasing the capillary pressure. 

This may be done by any obstruction to the venous flow from the 
part. This occurs in its commonest and severest forms in .man when 
the general venous pressure rises as a result of cardiac failure, or if 
there is obstruction to the flow in the portal vein in disease of the liver. 
In the latter case the lymph accumulates in the abdominal cavity. 

A mild degree of oedema in the feet may be produced simply by 
standing. If a subject stands quite still in a vessel of water the feet 
and legs can be observed to swell in about twenty minutes — by 
noting the rise in the level of tlie water. 

These observations do not, however, completely prove that the 
oedema is the result of increased capillary pressure as slowed capillary 
flow also causes partial asphj’xia of the part concerned which produces 
an increase of capillary permeability (see below) and increased 
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acidity of the tissues: It has beeu shown that acid colloids, cq. 
proteins of tissues, tend to imbibe and retain water (Fischer). 

The effects of increased capillary pressure may more couveineutly 
be shown by injection of large quantities of fluid into the 
especially if the fluid has an osmotic pressure less than that oi the 



blood. If it has a higher osmotic pressure than the blood (con- 
centrated sugar or salt) it attracts fluid from the tissues, but by 
increasing the blood volume and therefore the capillary pressure 
increases the flow of lymph from the thoracic duct. This is ^ in 
part due to the fact that the kidney becomes incapable of ^ excreting 
salts which retain water, but in many acute cases there is also an 
inability to excrete water.. 

2. By increasing the permeability of the capillary wall. 
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This occurs whenever the capillaries dilate, and may or may not 
be accompanied by tissue damage. . - 

A simple dilatation occurs if the constrictor nerves to a part are 
cut. The increased flow of lymph caused by acetyl-choline or 
histamine may be produced in this way. Various other chemical 
substances may act similarly, such as peptone, leech extract 
and gin. 

Heat as in burns, cold 'as in chilblain, and frostbite, mechanical 
irritation and inflammation cause tissue damage and at the same 
time liberate chemical substances which cause vasodilatation. In 
all such cases the fluid which escapes from the blood contains much 
more protein than normally. The fluid wliich accumulates in the 
pleural cavity, in pleurisy with effusion, or in the abdomen in 
peritonitis, therefore coagulates easily on being heated. In dropsy 
due to impaired venous return, it has been shown by Bolton that the 
diminished vitality of the capillary walls due to lack of oxygen is 
quite as important as the increased capillary pressure, since when, for 
'example, the inferior vena cava is ligatured the onset of oedema is 
not immediate, but when once established continues for an appreciable 
time after the ligature has been removed. 

Capillary permeability is .greatly increased by a deficiency in 
blood calcium and is shown by the great benefits which commonly 
accrue from an increase in blood calcium in cases of chilblain and 
the like. 

3. By increasing the osmotic pressure of the tissues. ‘When the 
activity of the tissues increases, the products of metabolism raise 
the osmotic pressure of the tissue fluids because large molecules 
become broken down to smaller and consequently more water is 
attracted out of the blood. Here we may have the explanation of the 
stiffness which follows unaccustomed exercise. The muscles become 
swollen and painful as a re.sult of increased tension, due to their 
taking up fluid from the blood. Tlie best cure for such stiffness is 
therefore more exercise or massage to squeeze out the fluid. 

4. By reducing the osmotic pressure ’ of the blood. This 
may be done by the injection into the blood of dilute saline 
which very rapidly passes through the ca})illary walls into the 
tissue spaces. 

An enormous local accumulation of fluid in the tissues ma}’ 
occur if the lymphatic channels become blocked. This occurs in 
the ti'opical disease known as lilariasis in which the lymphatics 
become blocked by minute organisms. So largo may , the limbs 
become that the condition is known as elo}diantiasis. 

Brom the experiments just described it i.s evident that the 
formation of lymph is, as originally pointed out by Ludwig, a 
physical phenomenon depending on the hydrostatic pressure in the 
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capillaries wliich, however, is, as pointed out by Starling, counleracied 
by the osmotie pressure of the blood which has an opposino- e‘}erJ; 
and tends to suck fluid from the tissues into the blood. ^ 

The total osmotic pressure of the blood is almost 5000 nur. 11;^., 
but by far the most of this is due to salts which are common to both 
the blood and the tissue fluid. It is the osmotic pressure of r,])G 
proteins of the blood plasma which is of special importance in thiG 
connection, and this amounts to only about 25 mm. Hg. This is 
overbalanced by the hydrostatic pressure in the eapillaries of sbc-i't 
35 mm. Hg., the filtering force being about 10 mm. Hg. 

Of more recent years these facts have been confirmed, especially 
by Drinker and his collaborators, and are supported by cliamivi! 
studies of the composition of lymph. 

At rest the capillary pressime in kept at a constant level by 
the constancy of the arterial pressure which, as we have seexj, is 
maintained by various reflex mechanisms. 

In exercise, lioweAmr, a number of changes occur in the active 
tissue which must greatly increase the flow of lymph. These are : — 

1. A rise of arterial pressure which raises the capillary pressure. 

2. A dilatation of capillaries which become more permeable, 

3. A breakdown of substances with large molecules, such as 

glucose, into substances wliich have many more and smaller 
molecules which increase the osmotic pressure of the 
tissues and cause them to imbibe water. 

The Function of Tissue Fluid and Lymph. 

We now get an idea of the function, of the lymph-flow. When 
there is an increased capillary pressure and permeabihty there is 
an increased flow of fluid containing various nutritive substances in 
solution, while ■ the greater flow of water towards the cells carries 
away with it the various products of metabolism. In various 
infections the lymph also carries bacteria from the tissues to rhe 
lymph glands ; hence the benefit of keeping an infected region at rest 
and so preventing the lymph glands from being overcome by bacteria. 

The formation of lymph is of interest in several other connections 
as it is the model on which many other body fluids,, such as the 
aqueous humour of the eye, the fluid of the pericardium, the urine 
and secretion of glands are formed in the first instance, although 
the two latter are subsequently modified in composition. 

The Phagocytic Function of Lymph. 

Recent studies by Clark and Clark have shown that the lymphatics 
act as tissue scavengers. They sometimes grow out towards foreign 

G 
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particles and eventually take them up. Things Like blood corpuscles 
and fat globules pass readily into the lymphatics, sometimes directly 
from blood vessels. This is true especially in the liver. 


The Lymph-Plow. 

The flow of Ijunph may be readily shown if a suitable dye is 
injected into the foot of an anjesthetised animal, the hair of whose 
leg has been removed by a depilatory. The dye is seen to move 
slowly up the superficial ]}Tnphatics (Gilding). In severe infections 
of the hand the lymphatics of the arm of man may become inflamed 
and visible. 

The flow depends essentially on the agencies which cause 
the formation of the lymph. Towards the point of its discharge 
into the veins the flow is assisted further. With the help of the 
valvular mechanism all occasional pressure on the exterior of the 
lymphatic and lacteal vessels propels the lymph onward; thus 
muscular and other external pressm-e accelerates the flow of the 
lymph as it does that of the blood in the veins. Tlie action of the 
muscle-fibres of the small intestine, and the layer of unstriped 
muscle present in each intestinal villus, assists in propelling the chyle ; 
in the small intestine of many animals the chyle has been seen 
moving with intermittent propulsions that correspond with the peri- 
staltic movements of the intestine. For the general propulsion of 
the lympli and chyle, it is probable that, in addition to external 
pressure, some of the force is derived from the contractility of the 
vessels’ own walls. Tlio respiratory movements, also, favour the 
current of lymph througli the tlioracic duct as they do the current 
of blood in the tlioracic veins. 


Relation of L^onph and Blood. 

The volume of blood in the body remains remarkably constant. 
If the amount is increased by injection of dilute saline (less than 0-9 
per cent.), its specific gravity is at first lessoned, but in a short time, 
often in a few minutes, it returns to the normal. The excess of fluid 
is got rid of in two ways : (1) by the kidneys, which secrete profusely ; 
and (2) by the tissues, which become more watery in consequence. 
A.fter the renal arteries are ligatured, and the kidney is consequently 
thrown out of action, the excess of water passes only into the tissues. 
More concentrated saline (about 0‘9 per cent.) is retained longer 
until the salt is excreted by the kidney. ' 

On the other hand, a deficiency of blood (for instance, after 
hmuiorrhage) is soon remedied by a transfer of water from the 
tissues to the blood and a reduced production of lymph. This 
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may be looked upon as being brought about by the fall in the normal 
filtration pressure in the capillaries. 

The Renewal of the Tissue Fluid. 

The fiuid of the tissues is of course of the same, general com- 
position as lymph although it may vary in different regions. During 
the exercise of a muscle or use of a tissue it is evident that the 
lymph flow is sufficient to renew this fluid but during rest the flow 
is very small. Evidence is accumulating (Landis) that there may 
be, as well as the lymph flow, a renewal of lymph by absorption. 
It is suggested that at the arterial end of the capillaries filtration 
is excessive, wliile at the venous end where the capillary pressure 
is lower by 20 mm. the increased osmotic pressure of the blood causes 
a withdrawal of fluid from the tissues. 


Composition of Lymph. 

Erom what has been said regarding its formation lymph is like 
blood-plasma in composition, but diluted so far as its protein con- 
stituents are concerned. This is due to the fact that proteins do 
not pass readily through membranes. The salts are similar to 
those of blood-plasma, and are present in about the same proportions. 
Chlorides, however, are more abundant in lymph than in blood. 
The waste products, such as carbonic acid and urea, are also more 
abundant. 

Lymph is alkaline to litmus ; its specific gravity is about 1015, 
and after it leaves the vessels it clots, forming a colourless coagulum 
of fibrin. 

The degree of clotting depends on the amount of protein present. 
In the case of inflammatory lymphatic exudates as in pleurisy, 
the capillaries have become excessively permeable to protein. 
Liver lymph is richer in protein than lymph from the limbs. 

When examined with the microscope the transparent lymph is 
found to contain corpuscles, which are called lymphocytes; these 
are cells with large nuclei and comparatively little protoplasm. 
They pass with the lymph into the blood, and constitute there one 
of the varieties of colourless blood corpuscles. They are added to 
the lymph wherever it passes through lymphoid tissue, e.g. lymphatic 
glands, tonsils, etc. 


The Reservoir Function of the Tissue Spaces. 

■ As has been indicated ‘above, the fluid in the tissue spaces is 
very mobile and depends largely on the capillary pressm’e and the 
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osmotic pressixre of the blood. When the capillary pressure falls, 
as in haemorrhage, more fluid returns to the -blood. This occurs 
too if the osmotic pressure of the blood is raised by loss of fluid 
in sweating or severe diarrhoea. 

If the osmotic pressure is lowered by the intake of fluid, the 
tissue fluid, especially of the liver, skin and muscles, is increased. 

It must be realised that most of the factors which affect the 
formation of tissue fluid influence the production of many other 
body fluids in the same way, e.g. the formation of urine, sweat, 
digestive secretions. All are influenced by the osmotic pressure 
and the hydrostatic pressure of the blood in opposite directions. 
(See Osmotic Pressure.) 

Refeiiences. — Starling, Drinker, Landis. 



CHAPTER XVII 

RESPniATION ■ 

The term, respiration in its wide sense includes all the processes and 
mechanisms hy which the tissues of the body take up oxygen and get 
rid of carbon dioxide. The tissues are brought into relationship with 
the outside world indirectly by means of the blood which transports 
the gases, and in order to effect the exchange of gases rapidly the 
blood is spread out in a very thin hut extensive layer, where it 
comes almost immediately into contact with the air, being separated 
only by a thin membrane. In order to provide the large area needed 
there have been evolved in many animals two speciahsed organs, lungs, 
in which the air is changed periodically^^ by the mechanism of 
breathing. In fishes, the gills in contact with the water have a 
similar function. It is to be understood that the lungs are not in 
any manner the seat of any special combustion processes. Those 
processes take place in the tissues themselves. 


The Respiratory Apparatus, 

The respiratory apparatus consists of ,a pair of lungs and the 
air-passages which lead to them. 

The Lungs are contained in the chest or thorax, which is a closed 
cavity having no communication with the outside except the trachea 
or windpipe. 

The Larynx is at the upper end of the trachea, and wiH he 
described in connection .with the voice. 

The Trachea and Bronchi . — ^The trachea is essentially a tube of 
fibro-elastic membrane, within the layers of which is embedded a 
series of cartilaginous rings. These rings which maintain the patency 
of the windpipe extend only around the front and sides of the 
trachea (about two-tliirds of its circumference) and are deficient 
behind; the interval between their posterior extremities is bridged 
over by a continuation of the fibrous membrane in which they are 
enclosed and by a layer of unstriped muscle. 

The two bronchi into which the trachea divides have a similar 
structure, hut there is a distinct layer of circular muscle which 
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becomes still more evident in the bronchioles into which the,bronchi 
ultimately divide; indeed, the bronchioles are composed chiefly of 
a fibro-elastic membrane together with this circular muscle. 

The whole bronchial tree is lined by ciliated epithelium which 
wafts upwards the secretion produced by mucous glands which 
open into the lumen, together with minute particles which may 
be inhaled. It is this secretion which forms the phlegm wHch 
becomes so excessive in bronchitis, while it is the contraction of 
,the bronchial muscle winch causes the tightness in the chest when 
the broncliioles are constricted, as in asthma. This is usually 
aggravated by the congestion of the mucous membrane. The 
bronchial muscle is kept in a state of tone by the vagus nerves 
and contracts rather surprisingly at the commencement of expiration 
— a fact wliich makes the removal of foreign bodies, accidentally 
taken in, very difficult. The muscle is dilated by sympathetic 
stimulants, such as adrenaline. 

Tht Lungs and Pleura :. — Each Ivmg is enveloped by a serous 
membrane — the pleura, one layer of wliich adheres closely to its 
surface, and provides it with its smooth and slippery covering, while 
the other adlieres to the inner surface of the chest-wall. The con- 
tinuity of the two layers at the base of the lungs forms a closed sac, 
which the lungs fill completely. There is no actual space. The 
pleura which covers the lung {visceral layer) and that wliich lines the 
inner surface of the chest (parietal layer) are, in health, everywhere 
in very close apposition, being held together by a film of water 
which at body temperature can resist a pull of 3600 mm. Hg. 
(Burns). This film ensures the lungs gliding easily, in their expansion 
and retraction, on the inner surface of the parietal layer, which lines 
the chest-wall. 

If, however, an ojiening is made so as to permit air or fluid' to 
enter the pleural sac, the lung, in virtue of its elasticity, recoils, and 
a considerable space is left b^etween it and the chest-wall. On the 
admission of air into the pleural sac the film of fluid is broken and 
atmospheric pressure bears alike on the inner and outer surfaces 
of the lung, and its elastic recoil is no longer prevented. 

Each lung is partially subdivided into separate portions called 
lobes ; the right lung into three lobes, and the left into two. Each 
of these lobes, again, is composed of a largo number of minute parts, 
called lobules. 

On entering a lobule, the small bronchial tube divides and sub- 
divides (fig. 93) ; its walls at the same time become thinner and 
thinner, until at length they are foi-med only of a thin membrane of 
areolar, muscular, and elastic tissue, lined by a layer of pavement 
epithelium not provided with cilia. Eventually the muscle tissue 
disap]Dears and the walls become pouched-out irregularly into small 
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saccular dilatations, called alveoli (see fig. 93). The funnel-shaped 
terminal branch of the bronchial tube, with its group of alveoli, is 
called an infundibuhwv. The alveoli are of various forms, according to 
. the mutual pressure to which they are subject ; their walls are nearly 
in contact, and they vary from 0-5 to O’S mm. in diameter. Their 
walls are formed of fine membrane, like those of the alveolar ducts and 



Fio. 93.— Diagram to show the general arrangement in a piece of lung. \ 

(Modified from Miller.) 

atria. They are lined by a layer of pavement epithelium (fig. 94). 
Outside the alveoli a network of pulmonary capillaries is spread 
out so densely (fig. 46, p. 93) that the interspaces or meshes 
are even narrower than the vessels. Between the air in the lungs 
and the blood in these vessels nothing intervenes but the thin -walls 
of the alveoli and of the capillaries; and the exposure of the blood 
to the air is the more complete, because the folds of membrane 
between contiguous alveoli, and often the spaces between the walls 
of .each, contain only a single layer of capillaries, both sides of 
which are thus at once exposed to the air. 

Blood-supply . — The lungs receive blood from two sources : (a) the 
pulmonary artery, (h) the bronchial arteries. The former conveys 
venous blood to the lungs to be arterialised.. The branches of the 
bronchial arteries convey arterial blood from the aorta for the 
nutrition of the walls of the bronclii, vessels, interlobular connective 
tissue, etc.; the blood of the bronchial vessels is returned chiefiy 
through the bronchial and partly through the pulmonary veins. 
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The Respiratory. Mechanism. 

Eespiration consists of the alternate expansion and contraction of 
the- thorax, by means of which air is drawn into, or expelled from the 
lungs. These acts are called Inspiration and Expiration respectively. 

For inspiration a movement of the side-walls and floor of the 
chest takes place, so that the capacity of the interior is enlarged. 
By such increase of capacity there will he a diminution of the 



pressure of the air in the lungs, aiid a fresh quantity will enter 
through the trachea to equalise the pressure on the inside and 
outside of the cliest. 

For expiration tlio opposite movement diminishes the capacity of 
the chest; the pressure in the interior will bo thus increased, and air 
will he expelled, xintil the pressures within and without the chest 
are again equal. In both cases the air passes through the trachea, 
there being no other communication with the exterior of the body; 
and the lung Tomains, under all conditions, closely in contact with 
the walls and floor of the chest. The movements of the lungs are 
therefore passive, not actixm, and depend on the changes of shape 
of the closed cavity in which they are contained. A perforation of 
the chest-wall would mean that the lung on that side would no longer 
be of use ; a similar injury on- the other side (double pneumothorax) 
would cause death. If the two layers of the pleura were adherent, 
those portions of the lung would bo expanded most where the move- 
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ments of the chest are greatest. The existence of the two separate " 
layers prevents this, and thus the lung is equally expanded throughout. 

Keith believes that the expansion of the lung during inspiration does not occur 
simultaneously at every point but resembles rather the opening of a Japanese fan. 
First the anterior borders and the part in contact with the diaphragm expand 
followed successively by the apex, vertebral border, and region of the root. 

Inspiration. — This is a muscular act ; the inspiratory muscles 
increase the size of the chest-cavity in all its diameters. 

The vertical diameter is increased by the contraction and 
consequent descent of the diapliragm ; at rest, the diaphragm is 
dome-shaped with the convexity upwards ; the central tendon forms 
a , slight depression in the middle of this dome. On contraction the 
muscle-fihres shorten, and so the convexity of the double dome is 
lessened. The central tendon is drawn down a certain distance, but 
the chief movement is at the sides. For .the effective action of tliis 
muscle, its attachment to the lower ribs is kept fixed by the 
contraction of the quadratus lumhorum. The diaphragm is suppHed 
by the phrenic nerves, which arise’ chiefly from the 4th cer%dcal 
segment of the spinal cord. 

The increase in the lateral and antero-posterior i diameters of the 
chest is effected by the raising of the ribs, the upper ones boing fixed 
by the scaleni. The greater number of the ribs is attached very 
obliquely to the Supine or vertebral column, and sternum. 

The elevation of the ribs takes place both in >front and at the 
sides — the hinder ends being prevented from performing any upward 
movement by their attachment to the spine. The movement of the 
front' extremities of the ribs is of necessity accompanied -by an upward 
and forward movement of the sternum to which they are attached, 
the movement being greater at its lower than at its upper end. 

The muscles by which the ribs are raised, in ordinary quiet 
inspiration, are the external intercostals, and that portion of the 
internal intercostals wliich is situated between the costal cartilages ; 
and these are assisted by the levatores costarum, and the serrahis 
posterior superior. 

In extraordinary or forced inspiration, additional muscles are 
pressed into service, such as the sternomastoid, the serratus anterior, 
the pectorales, and the trapezius. Laryngeal and face muscles also 
come into play. 

The expansion of the chest in inspiration presents some peculi- 
arities in' different persons. In young children it is effected chiefly 
by the diaphragm. The movement of the abdominal walls being here 
more manifest than that of any other part, it is usual'to call this the 
abdominal type of respiration. In men, together with the descent of 
the diaphragm and the pushing forward of the front wall of the 
abdomen, the chest and the sternum are subject to a wide movement 
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' in inspiration {inferior costal type). In women the movement 
appears less extensive in the lower, and more so in the upper, part of 
the chest {superior costal type).* 

- Expiration. — From the enlargement produced in inspiration, the 
chest and lungs return, in ordinary tranquil expiration, by their 
elasticity to their previous condition; the force employed by the 
inspiratory muscles in distending the chest and overcoming the 
elastic resistance of the lungs and chest-walls, is returned as an 
expiratory effort when the muscles are relaxed. This elastic recoil 
of the chest and lungs is sufficient, in ordinary quiet breathing, to 
expel air from the lungs in the intervals of inspiration, and no 
muscular power is required. In all voluntary expiratory efforts, 
however, as in speaking, singing, blowing, and the like, and in many 
involuntary actions also, as sneezing, coughing, etc., sometliing more 
than merely passive elastic power is necessary, and the proper 
expiratory muscles are brought into action. The cliief of these are 
the abdominal muscles, which, by pressing on the viscera of the 
abdomen, push up the floor of the chest formed by the diaphragm, 
and by thus making pressure on the lungs, expel air from them 
through the trachea and larynx. All muscles, however, which 
depress the ribs, must act also as muscles of expiration, and we must 
conclude that the abdominal muscles are assisted in their action by 
the intprosseous part of tlie internal iniercostals, the triangularis sierni, 
and perhaps the serratus gwsterior inferior. "When by the efforts of 
the expiratory muscles, the chest has been sqiieezed' to less thaii 
its average size, it again, on relaxation of the muscles, returns to 
the normal dimensions by virtue of its elasticity. The construction 
of the chest-walls, therefore, admirably adapts them for recoiling 
against and resisting undue contraction as well as undue dilatation. 

At the commencement of the expiratory act there is a closure 
of the larynx which can be readily recorded. Expiration is therefore 
against resistance. 

Graphic liccord of licspiratory Movements. 

Among numerous methods which have been described for record- 
ing the respiratory movements the simplest in the human subject, 
especially if he be a patient in bed, is to fasten a bandage loosely round 
the chest. Between the bandage and the chest-wall a flexible hollow 
rubber ball is placed. This ball or a tambour communicates by a 
rubber tube with a recording tambour. All such appliances are called 
Stcthograplis. 

The tambour which was first introduced by Marey is shown 
in fig. 95. 

* Inspiration is easier wiien silting or standing bccanse the return of blood to 
the heart is reduced (Burns). This is important clinically. 
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It is possible to record tbe diaphragmatic movements in animals 
by the insertion of an elastic bag connected with a tambour into the 
abdomen below the diaphragm, by the insertion of needles into 



Pio. 05 — A modiflcation of Marey’s tambour to which the movement of a column of air 
is conducted by a tube from another tambour or balloon. Various arrangements are 
seen by which the writing lever may have its excursions modified or may be adjusted 
to the writing surface — a smoked paper on a revolving cylinder. (McDowall, by 
permission of Messrs Hawksley.) 

different parts of its structure, or by recording the contraction of 
isolated strips of the diaphragm. Such a strip attached in the 
rabbit to the xiphisternal cartilage may he detached, and attached 



Fig. 96.— Diagrams of a recording tambour (after Maiey). D, Drum covered with thin 
rubber B, and carrying a lever L with a fulcrum at P and a writing point WP. 

The tube T connects with tbe receiving tambour. 

by a thread to a recording lever ; this strip serves as a sample of the 
diaphragm. 

Such methods, however, merely measure the rate of breathing 
and give a rough idea of its depth. The actual quantity of air 
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PiQ. 97 Becord showing norma' ' »««<'t of over-ventilation at B, the gradual 

return to normal at G during ■ ' . " respiration is seen. Pieces of tracing 

were cut out at 1 and at 2 to ■’ .’ilklnson.) 

which enters and leaves the lungs is measured by a modified 
gasometer {spironieUr) (fig. 98) into which the subject &’eathes. 

The variations of intrapleural pressure may be recorded by the 
introduction of a cannula into the pleural cavity, wliieh is connected 
with a water manometer. 

The act of inspiring air, especially in women and cliildren, is a 
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little shorter than that of expelling it, and there is commonly a very 
slight pause between the end of expiration and the beginning of the 
next inspiration. 

If the ear is placed in contact 'with the wall of the chest, or is . 
separated from it only by a good conductor of sound or stethoscope, 
a respiratory murmur or breath sound is heard chiefly during 
inspiration. This sound varies somewhat in different parts — being 
loudest or coarsest in the neighbourhood of the trachea and large 
bronchi (tracheal and broncliial breathing), and fading off into a 
faint sighing as the ear is placed at a distance from these (vesi- 
cular breathing). • It is best heard in children, and in them a 



Flo. 9S. — Tlio nutchlnaoii spirometer. The weight tV Is to hal:;iico th’' weight of the cylinder C.* 

more marked murmur is heard in expiration. The cause of the 
vesicular murmur has received various explanations; hut most 
observers hold that the sound is produced by tlie air passing through 
the glottis and larger tubes, and that this sound is inoditied in its 
conduction through the substance of the lung. The alterations in 
the normal breath sounds, and the various additions to them that 
occur in different diseased conditions, can be properly studied only 
at the bedside. 

During the action of the muscles which dhectly draw air into 
the chest, those which guard the opening through which it enters are 
not passive. In hurried breathing the instinctive dilatation of the 
nostrils is well seen, although under ordinary conditions it may 
not he noticeable. In many people the rima glotiidis, or interval 
between the true vocal cords of the larynx, is slightly dilated at 

* In the Bencclict-Roth spirometer n writer is nttaclied to the weight and 
writes from below upwards as the cylinder empties. 
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each inspiration for the more ready passage of air, and becomes 
smaller at each expiration ; its condition, therefore, corresponds 
during respiration with that of the walls of the chest. There is a 
further likeness between the two acts in that, in ordinary circum- 
stances, the dilatation of the rima glottidis is a muscular act and its 
narrowing cliiefly an elastic recoil. 

Quantities of Air Breathed. — Measurements of these quantities 
are made by means of the spirometer. The apparatus is illustrated 
and is seen to consist of a light metal bell (C), which is balanced 
by a counterweight (W), and which can move freely in a water- 
container. The subject breathes into the tube (T). Several 
modifications of this apparatus have been made, notably Krogh’s 
recording spirometer and the Benedict-Eoth apparatus, by which 
it is possible to take continuous records of the air breathed in 
and out. 

Tidal air is the quantity which is habitually and almost uniformly 
changed in each act of breathing. In a healthy adult man it averages 
about 500 C.C., or rather more than 30 cubic inches (Haldane). This 
will be expanded at body temperature to 600 c.c. This amount of 
air is not sufficient to fill the lungs. Haldane gives the capacity of 
the upper air-passages and bronchial tubes as 200 c.c., and therefore 
about a third of the tidal air is required to fill this dead space. 

Oomplemental air is the quantity over and above tlae tidal air 
which can be drawn into the lungs in the deepest inspiration; its 
amount averages 100 cubic inches (1600 c.c.). 

Reserve or Supplemental Air. — ^After an ordinary expiration, 
such as that which expels the tidal air, a further quantity of air, 
about 100 cubic inches (1600 c.c.) can be expelled by a forcible deep 
expiration. This is termed reserve or supplemental air. The last 
portion of the air thus expelled will consist of alveolar air. 

These relationships are seen in fig. 99, p. 206. 

Vital Capacity. — The vital capacity of the chest is indicated by 
the quantity of air which a person can expel from his lungs by a 
forcible expiration after the deepest inspiration possible. The 
Eoyal Air Eorce requires a vital capacity of at least 3800 c.c. but 
figures up to 10,000 have been known. It is the sum of the 
complemental, tidal, and supplemental air. This determination is 
commonly made in medical practice, since in diseased states, e.g. 
cardiac disease, the mtal capacity may be much reduced. 

The vital capacity is also reduced at high altitudes and in exercise. 
Verzar, who has studied this problem, has found that any form of 
oxygen- want increases the total volume of the lungs and he concludes 
that this results in a greater lung surface being available to the 
blood and that the increased" volume is the result of. an. increase in 
the residual air. 
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The expired air is a mixture of air from the trachea, hronchi 
and lungs. It is in composition intermediate between the outside 
and the alveolar air. 

Residual air. — The existence of this air was suggested by the 
fact that even when the lungs are quite collapsed and removed 
from the body they float and air may be squeezed out, while the 
amount has been found by finding the total capacity of the lun^s. 
This is done by filling a spirometer with a known volume of an 
inert gas such as hydrogen. After two forced respirations the 
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dilution of the hydrogen in the spirometer is obtained and it is 
found that this is greater by about IGOO c.e. than can be accounted 
for by the vital capacity. 

The number of respirations in a healthy adult person usually 
ranges from 14 to 18 per minute. It is greater in infancy and child- 
hood. It also varies much according to diOerent circumstances, such 
as exercise or rest, health or disease, etc. Generally the larger the 
amount of the tidal air the slower the respirations. A "centre 
forward of the Heart of Midlothian football team liad a tidal air 
of 3 litres and only needed to breathe four times per minute. 
Even in severe exercise his rate was nine per minute. 

The Respiratory Quality of the Air. — From what has been 
said it is evident that the air in contact with the blood is that of 
the alveoli. From the following table its conqiosition may bo 
compared with that of the atmosphere and of the expired tidal air. 
It is to be understood, however, that these figures may vary in 
different circumstances, but the averages obtained from normal 
individuals at rest are sufficiently important in an understanding 
of respiration to bo committed to memory. 
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Per Cent, by Volume. 
Oxygen 

Carbon dioxide . 
Nitrogen . 


Atmosphere. 
. 20-96 

004 
. 79-0 


Expired Air. 
160 
4-4 
79-6 


Alveolar Air. 
13-14 
5-6 
80-82 


The relation of these values to tidal air, etc., is indicated by 
fig. 99, and especially by fig. 110, p. 227. 

The expired and alveolar airs are saturated with water vapour at 
body temperature. 

Methods of Investigation. 

Although these methods were originally used in the purely 
scientific investigation ^of respiration, their use has now been 
extended to the study of diseased conditions, and a knowledge of 
their use has become essential to medical students. 

The Collection of Alveolar Air. 

Haldane and Priestley introduced a simple method of collecting 
alveolar air which has the advantage of being applicable to man. 
It consists essentially of collecting the air expired at the end of a 



deep expiration. A piece of rubber tubing is taken about 1 inch 
in diameter and about 4 feet long. A mouthpiece is fitted into 
one end, and 2 inches from the mouthpiece is a smaller rubber tube 
through which samples may be withdrawn into a sampling tube 
(fig. 100). ' The latter is made of glass and has a tap at each end. 
Before it is used it is evacuated (conveniently by filling it with 
mercury and allowing it to run out). The subject of the experiment 
breathes normally through the tube for a time until he becomes 
accustomed to it, and then, at the end of a normal inspiration,"*-' he 
expires quickly and very deeply through the mouthpiece and 
instantly closes it with his tongue. A second- experiment is then 
done,- in which the subject expires deeply at the end of a normal 

This inspiration should not be through the tube. 
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expiration, and another sample is obtained. The mean result of the 
two analyses represents the composition of the alveolar air. Since 
the gaseous interchange between the blood and the alveolar air 
is gomg on continuously, it is evident that at the end of inspiration 
there will be a maximum percentage of oxygen, and a mim'mnTn 
percentage of carbonic acid; the converse obtains at the end of 
expiration. 

On analysis the composition of alveolar air is found to be 
13-14 per cent, of oxygen and 5 to 6 per cent, of carbon dioxide. 

These percentages may, however, be caused to vary according to 
the ventilation in the lungs. If resph’ation is increased voluntarily 
the alveolar air becomes more like atmospheric air, i.c. the percentage 
of carbon dioxide falls. This occurs whenever the respiratory centre 
is stimulated by substances in the blood other than carlon dioxide, 
e.g. by voluntary over-ventilation or by acids such as those produced 
in diabetes. A fall of alveolar carbon dioxide is therefore of 
considerable diagnostic significance as (see Acid-Base Equilibrium) 
it indicates an attempt of the body to rid itself of excessive acid, 
as, for instance, in diabetes mellitus. Similarly, reduced respiration 
due to any cause except lack of CO„ causes a rise in alveolar CO„. 


The Collection of Expired Air. 

In measuring the total ventilation (cubic centimetres of air passing 
in and out of the lungs per minute) it is usual to measure the volume 
of the air expired in a given time. Tliis is not quite the same tiling 
as the volume of the inspired air, because the CO, added to the air is a 
little less in volume tlian that of the oxygen which it replaces. 

The subject, whose nose is clipped, breathes by the mouth through 
a tube in which there are suitable valves. By attaching a tube to 
the expiratory valve the expired air can bo collected in a bag. The 
type of bag most frequently used for this purpose is that devised by 
Douglas of Oxford. The Douglas bag is made of canvas impregnated 
with rubber; its walls must be impervious to CO^, flexible, and not 
too heavy. It is fitted with a tap which can be turned quickly 
so that the duration of an experiment can be timed exactly. The 
sample collected is kept for subsequent measurement and analysis. 
The tubing used for connecting- the face mask to the bag must have 
a very wide bore; even a small constriction adds greatly to the 
labour of respiration and causes res])iratory fatigue. 

The volume of the sample is obtained by passing the contents 
of the bag through a gas meter, and a side tube facilitates the 
collection of small samples for analysis. In this way (1) the total 
ventilation, (2) the oxygen in the expired air, and therefore the 
oxygen absorbed by the subject, (3) the CO, in the expired air. 
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and its^ output per minute, ■ and (4) the respiratory quotient (the 
proportion of COg given out to oxygen taken in) are obtained 
These data are also needed in reference to work on nutrition, and 



Fio. 101 — Douglas Bag and Bicj’cle Ergometer. D.B., Douglas bag strapped on back of subject and 
connected to his month by a wide corrugated tube with a tap opening to the outside; N.C., nose 
clip; S.T., rubber sampling tube with clip; B.B., band-brake attached by cords to spring- 
balances, S.B. ; Q.M., gas meter for measuring volume of air in bag. 


may also he employed in calculating the quantity of blood circulating 
per minute. 

On analysis the expired air is found to be between alveolar and 
the inspired air — i.e. to contain 16 per cent, oxygen and 4-4 per 
cent, carbon dioxide. The more efficient the ventilation the 
more like atmospheric air the expired air becomes. Over-ventilation, 
therefore, causes the percentage bf oxygen to rise and that of the 
carbon dioxide to fall, and care must he taken to avoid this in 
collecting a sample by ensuring that the subject breathes naturally. 


The Principles of Gas Analysis. 

The gases one has to deal with, whether pumped off by the 
vacuum pump from the blood, .obtained from the pulmonary alveoh, 
or from the atmosphere, are only three, in number.- The total gas 
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obtained is first measui'ed, tlien the carho?i dioxide is removed by 
caustic potash (KOH) and the gas that remains is measured; this 
consists of oxygen and nitrogen. The oxygen is removed by pyrogalhc 
acid in KOH and the gas again measured ; this is nitrogen. 


The Haldane Gas Analysis Apparatus. 

Tins is the classical apparatus for gas analysis, but many modifi- 
cations in detail, have been devised (fig. 102). J. S. Haldane (1860- 



Fjo. 102. — A simplified Ilaldivno gas analysis apparatns. 


1936) carried out most of his researches with Douglas and Priestley 
in Oxford. 

In its simplest form it consists of a burette (B) surrounded by 
a water-jacket (W) to which there is connected, by means of rubber- 
tubing, a inorcury reservoir. After 2^rclimina7'ii adjnstvients* a sample 
is drawn into the burette by lowering the mercury (M) which previously 
has been raised to fill the burette completely. When the air to be 
examined is in a sampling tube its place m the tube is taken by 
fluid from a reservoir attached by tubing to its lower end, the upper 

* These adjustments include the exposure of all air in the apparatus to 
pyrogallol to ensure that only nitrogen is present. 
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end being attached to the analyser. The tap 1 is then closed and 
the sample measured (at atmospheric pressure, by levelling the 
surface of the mercury in the reservoir with that in the burette). 

^The taps 1 and 2 are then turned so that the burette communicates 
with the bulb (K) containing 10 per cent. KOH, and the sample is 
driven over and drawn back from this bulb several times. The 
level in the bulb is brought back to zero by adjusting the level of 
the mercury reservoir. The tap 1 leading from the burette is now 
closed and the sample measured at atmospheric pressure as before. 
The decrease in the volume of the sample is a measure of the COg 
absorbed. The sample is driven over until absorption is complete. 

The procedure is repeated using tap 3, so that the gaseous 
sample enters the pyrogallol bulb (P) instead of the KOH and is 
continued until no further absorption occurs. - This may take half 
an hour. The fiffther diminution in volume indicates the amount 
of oxygen in the sample. 

Before commencing the analysis the direction of the taps must be 
known. The taps must be turned to connect the bulbs with the 
atmosphere and the levels of the solutions in the bulbs are adjusted 
to zero. All COg and oxygen must be removed from the tubes 
connecting the bulbs with the burettes by carrying out a pre limin ary 
analysis of room air. It is important also to emphasise that since 
the pyrogallol will absorb CO 2 as well as oxygen the carbon dioxide 
must be absorbed first. 

Micro-gas analysis . — This is necessary when analysing the gases 
in a bubble of air as in determining the tension of gases in blood. 
The burette is replaced by a graduated tube of capillary bore into 
which KOH and pyrogallol are alternately sucked by various devices. 
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The Gases of the Blood. 

Befoee the student can study either the chemistry of respiration or 
its regulation, which is in part a chemical process, it is necessary 
.that he should have an adequate conception of the fundamental laws 
which regulate the retention of oxygen and carbonic acid in the 
blood ; and as the blood presents many complications, it will be best 
at the outset to consider the solution of gases in such a simple 
medium as water. 

* Solution of Gases in Water. 

If water is shaken up with a gas, a certain definite amount of the 
gas ^vill he dissolved in the water. Under the same conditions the 
same quantity of oxygen will always be dissolved. The temperature 
is important, but to simplify the following argument it will be 
assumed that the temperature remains constant, so that this factor 
may be neglected. The amount dissolved depends then on two 
factors, each- of which can bo measured. The first is the pressiire 
of the gas to which the water - is exposed when shaken ; the 
second is the solubility of the gas in water. The solubilities of 
different gases differ very much; some (for instance, oxygen) are 
but slightly soluble in water, while others, such as carbonic acid, 
are very soluble. 

If a cubic centimetre of water is introduced into a large air- 
tight bottle containing pure oxygen at atmospheric pressure, and 
another cubic centimetre of water is placed in a bottle containing 
pure carbonic acid at the same pressure, the former will dissolve 
0'04 c.c. of oxygen, the latter 1 c.c. of carbonic acid. These figures 
represent the degrees to which the two gases are soluble in water 
in similar circumstances, and are called the cocfjieients of sohilility. 
The coefficient of solubility of gas in a liquid is therefore the volume 
of gas wliich 1 c.c. of the liquid will dissolve at 760 mm. of mercury, 
that is, atmospheric pressure. 

The quantity of gas which a liquid will dissolve depends not only 
on the solubility of the gas, but also on the pressure of the gas to 
which the liquid is exposed. Thus, in the instance given above, if 
the oxygen had been rarefied in the bottle until it exerted a pressure 
212 
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of only one-fifth of an atmosphere, the water would have taken up 
not. 0-04 c.c. of oxygen, but only one-fifth of that amount, 0-008 c.c. 
To take another example, 1 c.c. of water shaken up with pure nitrocen 
at 760 mm. pressure will dissolve 0-02 c.c.; but if the pressure is 
reduced to four-fifths of the atmospheric pressure, then the water 
will dissolve 0-02 x|- = 0-016 c.c. If we represent the coefficient of 
solubility of a gas by K, the pressure of the gas to which the liquid 
is exposed by P', and the atmospheric pressure by P; then the 
quantity, Q, of the gas dissolved by 1 c.c. of the liquid may be 
obtained by the following formula — '' 

P' 

Q = Kx^. 

Dalton-JSenry Laxo. 

What has been said above is as true of gases which are mixed 
together as of pure gases. For instance, we have seen that a cubic 
centimetre of water shaken up with oxygen at one-fifth of an atmos- 
phere (152 mm. pressure) will absorb 0-04x^ = 0-008 c.c.; or if shaken 
with nitrogen at a pressure of four-fifths of an atmosphere, it will 
dissolve 0-02 x •!■ = 0-016 c.c. If now a c.c. of water be shaken with 
air (a mixture of one part of oxygen to four of nitrogen), it will have 
absorbed 0-008 c.c. of oxygen and 0*016 c.c. of nitrogen. The fact 
may be summarised thus: — When two or more gases are mixed 
together, each of them produces the same pressure as if they 
separately occupied the entire space and the other gases were 
absent. The total pressure of the mixture is the sum of the 
partial pressures of the indi-vidual gases in the mixture. 


Estimation of Blood Gases. 

■ The classical method of obtaining gases from the blood has been 
that of “boiling off” the gases from the blood by creating a vacuum 
above it. ' The different patterns of air pump vary in different 
laboratories. For general use, however, the chemical methods are 
much more convenient. 

JB^aldaxie’ s and Barcroft’s Methods . — In both of these the oxygen 
is hberated from the blood by potassium fefricyanide, and subsequently 
the carbon dioxide by tartaric acid. The blood, oxalated to prevent 
clotting, is placed in a small chamber (A), beneath weak ammonia 
solution (to fix the free COg), and laked with saponin. Withm the 
chamber is a small container of fresh saturated aqueous solution of 
potassium ferricyanide. The appliances differ in the methods of 
measuring the gas given off and in the shape of the chanrbers. In 
each there is a similar chamber' in which a similar quantity of water 
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"or blood may be placed as a control, with which the sample may 
be compared. 

In the Barcroft apparatus (fig. 103) the gas given off drives a 
column of clove oil along a JJ-tube. The difference in the level of 
the oil in the two limbs is proportional to the amount of gas evolved. 

In the Haldane apparatus (fig. 103) the amovmt of gas evolved is 
measured directly in the burette C, in which the fluid is driven 
down, the second small chamber (D) introducing an automatic 
correction for any expansion or contraction of gases in the apparatus 
due to accidental changes in temperature (E^ This possibility is 
reduced by immersing the chambers in a bath of water at a constant 
temperature. The tubes T contain acidulated water containing a 
dye and bile salts to reduce surface tension. 

If the blood has been saturated the above gives the oxygen 
capacity of a sample. To obtain the oxygen content of a given blood, 
the sample is put in the chamber, great care being taken to prevent 
it from coming in contact with air. The chamber is now shaken 
and the diminution in the volume of the air in the burette indicates 
the amount taken up. This subtracted from the capacity , gives the 
oxygen content. 

^Vhen large quantities of blood are available, the older Dupr4’s 
apparatus may be used (see Urea Estimation), to which the letters 
used above also apply. 

Estimation of the Carbon Dioxide Content or Combining Poicer of 
Blood . — ^This can be carried out on the same specimen as used in 
the estimation of the oxygen capacity. The stopper is removed 
from A, and B is replaced by another small tube containing an 
aqueous solution of tartaric acid.* The stopper is replaced, the 
fluids mixed, and the remainder of the estimation is carried out as 
described above for the oxygen capacity. A certain amount of carbon 
dioxide is lost during the process of oxygenation, and special methods, 
e.g. that of Van Slyke, have to be used to avoid this. In determining 
the COo combining power the blood is previously exposed to alveolar 
air or a mixture containing 5 to 6 per cent, carbon dioxide. This 
gives the alkali reserve of the blood (see p. 225). 

Another form (Van Slyke’s) commonly used for determining the COo in plasma 
is shown in fig. 103. The apparatus is washed out with ammonia to remove the 
COo. A sample (1 c.c.) of blood (or plasma) is placed in A and is drawn into B. 
By lowering tlie mercury reservoir (M), 1 c.c. water to wash and subsequently 
0‘5 c.c. 5 per cent. HoSOj are similarly drawn in and tap Tj closed. By lowering 
M further a vacuum is created in B and the CO-, bubbles off. Subsequently Uie 
blood is trapped in D by opening and closing To. On raising the raercurj’ and leaving 
the liquid trapped it passes up E, the CO-, which has been given off is measured by 
reading the amount in Uic burette after bringing tlie level of the mercurr' in M to 
that in the burette to ensure the gas being at atmospheric pressure. It will be 
understood tliat for convenience in tlie illustration M is much too high. 


0’25 c.c. of 20 per cent, solution. 
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Barcroft’s 






van Slyke’s 



Haldane's 


Fig. 103. — ^Different types of blood gas apparatus. 
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The ox}^gen capacit}-’ of the blood can also be determined 
indirectly by estimating the amount of hiemoglobin in the blood 
and calculating the amount which it will take up. ITormal blood 
contains from 13‘5 to 14’5 mg. of hemoglobin. (See Hemoglobin.) 


The Tension of Gases in Flvdds. 

In the cases which have been discussed up to this point a con- 
dition of equilibrium exists between the gas dissolved in the fluid 
^ and the gas in the atmosphere to which the fluid is exposed, so that 
as many molecules of the gas leave the surface of the fluid as enter 
it. The gas dissolved in the fluid therefore exercises a pressure 
which is the same as that of the gas in the atmosphere when 
equilibrium exists. The word Tension is applied to the pressure of 
the gas in the fluid. 

Definition of Tension . — The tension of a gas dissolved in a fluid 
is equal to the pressure of the same gas in an atmosphere with which 
the gas in the fluid would be in equilibriiun. Above, we have called 
the pressure which the gas exerts on the liquid P'. If we call the 
tension of the gas in the liquid T, we find that, when equilibrium 
exists, P' = T, In the case of all true solutions, therefore, we mav 

T 

replace P' in our premous equation by T; so that: Q = Kx -p. We 

thus arrive at a relation between two separate tilings, which must 
be most carefully distinguished from one another — the quantity of 
the gas dissolved in the liquid and its tension. 

Measurement of Tension . — Numerous instruments, called tonometers, 
exist for measuring the tension of gases in fluids. Of these, the 

instrument which has given the most 
trustworthy measurements of the oxygen 
and carbonic acid tensions in circulat- 
ing blood is that invented by Krogh 
(fig. 104). 

A X-shaped cannula (A) is intro- 
duced into a blood-vessel, say the carotid 
artery ; the blood fills the cavity B and 
leaves it at C, so that a constant stream 
of • blood is kept flowing. Into it a 
small bubble of air (D) is introduced. 
Exchange of gases takes place between 
tho bubble and the blood, and the 
Fio. iw.-Krogi.-8 tonometer. fonuer Very soon gets into equilibrium 

with tho latter. 'When it has done so, 
the bubble is withdrawn up the capillary tube E, taken away, and 
analysed in a microtonometer gas analysis ajiparatus. 
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As an example, suppose the bubble on analysis proved to consist 
of 4 per cent, carbonic acid and 12 per cent, oxygen, together with 
nitrogen and aqueous vapour. The gas of the bubble in, the 
instrument was compressed by the pressure of the arterial blood 
(say 120 mm of mercury) in addition to the atmospheric pressure 
of 760 mm. of mercury, and therefore the total pressure was 
120 + 760 = 880 mm. of mercury. Four per cent, of this would have 
been due to the carbonic acid ; 4 per cent, of 880 is 35'2. Twelve 
per cent, would have been due to the oxygen; 12 per cent, of 880 
is 105 ‘6. That is, the carbonic acid and oxygen tensions would have 
been in round figures 35 and 106 mm. of mercury respectively. 

In man it is evident that other methods are necessarj.- 

Bao'croft and NagaliasMs method . — If the point of a hypodermic 
needle fitted to an air-tight syringe is introduced into the radial 
artery in man a sample of arterial blood may be withdrawn, which 
may be regarded as of the same composition as that which leaves 
the lung by the pulmonary vein. If now a bubble of air is 
introduced into the syringe, this bubble rapidly loses oxygen and 
gains carbonic acid till it is in equilibrium with the blood, that is 
to say, till the gases in the bubble exert the same partial pressiu’e 
as those in the plasma. If the bubble- is very small, relatively 
to the amount of blood, the blood may be regarded as not having 
changed appreciably in the process, and therefore the partial pressure 
of the gases found by analysis of the bubble may be taken to be those 
of the gases in the arterial blood. 

Inference method . — This is probably the method most commonly 
used. A sample of blood is taken and the quantity of oxygen and 
carbon dioxide in it determined. From a knowledge of the dissociation 
curves of the blood, which indicate the power of blood to take 
up gases at different pressures, it can be inferred at what tension 
the gases must have been present. In accurate investigation it is 
necessary to make a dissociation curve for the actual blood under 
investigation, as all bloods are not alike. 

The measurement of the gaseous pressures in the mixed 
venous blood which leaves the right ventricle has been carried out 
by various methods during the last decade, but the most satisfactory 
is that of Douglas ; a mixture of nitrogen, oxygen, and carbonic acid 
in suitable proportions is introduced into a large air-tight bag (the 
Douglas bag is more fully described in fig. 101) ; the subject takes a 
deep breath of this and holds his breath for about five seconds. 
A sample of his alveolar air is then collected, care being taken to 
leave enough ,air in the lungs for a second sample to be collected 
ten seconds later, no breath being inspired in the interval. If the 
two samples are identical in composition as regards both oxygen 
and COg, the samples may be adjudged to have been in equihbrium 
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with the mixed venous blood, and thus the tension of the gases in 
this blood is ■'ascertained. 


Relation 'between Quantity oMd Tension of Goms in Blood. 

It is now necessary to consider the relationship between these 
two sets of data. 

On page 216 we have seen that for gases in solution in water, 
T 

Q = K X p where Q is the quantity of gas dissolved, T the tension, 

K the coefficient of solubility, and P the atmospheric pressure. 
Since K and P are constant, it follows that Q varies directly in 
proportion to T; that is to say, if the tension is doubled, the 











§ 


1 

\ 
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Fio. 105.— Barcroft’s saturator, suspended liorlront.ally in \xarm bath in wbleli it is rotatetl. . 


quantity of gas dissolved is also doubled ; if the tension is trebled, 
the quantity of gas is trebled, and so on. TJiese results may be 
plotted out on a curve in which the quantities are placed on the 
ordinate and the tensions on the abscissa. Such a curve gives the 
quantity of gas dissolved at any given tension, and in the case of 
water the “ curve ” is a straiglit line. 

Put for oxygen and carbonic acid in blood, the curves are not 
straiglit lines. 

The Ti’ansport of Oxygen. — Our knowledge of this subject wc 
owe particularly to the investigations of Parcroft of Cambridge. 
He lias shown how to obtain information regarding the transport of 
oxygen by studying the amount, of oxygen wliich tlio blood will hold 
in varying circumstances. The methods of estimation are described 
on page 213. 

If 100 c.c. of average arterial blood arc subjected to a vacuum 
pump or to the action of potassium ferricyanido, almost 18'5 c.c. 
of oxygen are given otf, and from what has been said regarding 
the solubility of gases in water, it is evident this oxygen cannot 
be in simple solution. The amount in actual solution is only 0'7 c.c. 
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This capability of the blood to take up large quantities of oxygen 
depends on the presence in the blood corpuscles of a pigment— 
htemoglobin. Blood contains 14 per cent, of this pigment by 
weight, and each gramme can take up about 1'34 c.c. of oxygen. 
The aet&al figure varies in different anunals. The chemical charac- 
teristics of hsemoglohin are described later. 

If, however, the blood is exposed to various tensions of oxygen, it is 
found that within certain limits the blood takes up oxygen according 
to the pressure of that gas in the air to which it is exposed. This 
is seen in the following experiment. 

Six vessels, similar to that in fig. 105 (Barcroft’s saturator), are 
taken, and in each is placed a few c.c. of a solution of hsemoglobin, 
together with gas mixtures of certain definite compositions. Each 
saturator is rotated in a hath at a given temperature for about a 
quarter of an hour, by which time the hsemoglohin and the oxygen 
are in equilibrium. The blood is then withdrawn and the. amount 
of oxygen taken up from the different mixtures determined. The results 
are expressed as percentages of the maximum which might have been 
taken up by the iDlood if it had been exposed to the outside air. 

In each instance the mixture is made up to atmospheric pressure 
by the addition of nitrogen. 


Partial Pressure 

Percentage 

of Oxygen. 

Saturation. 

102 

97 

50 

87 

20 

72. , 

10 

55 

. 5 

37 

0 

0 


Theihsemoglobin which has taken up oxygen we call oxyhcemoglohin 
the remainder without oxygen is called r&ducGd ImmogloMn . . 

These figures may he expressed graphically, and we get the 
curve which we know as the dissociation or association curve 
of heemoglobin. As we shall see, the partial pressure of 100 is 
specially important since this is about the pressure in the' alveoli 
of the lungs where the blood normally takes up oxygen. It is seen 
that at this pressure the blood is 97 per cent, saturated, and for 
average blood this is equivalent to 18'5 c.c. of oxygen being taken 
up by 100 c.c. of blood. More recent and more accurate methods 
indicate, however, that this figure should be lO'S and some bloods 
may contain 20 c.c. 

The important practical point to notice is the fact that the blood 
exposed to oxygen at a partial pressure of 100 is almost saturated. 
The administration of oxygen, .therefore, to a normal person cannot 
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cause, the blood to take up much more oxygen- than it does from the 
air normally in the alveoli. 

It will be seen that' even at low partial pressures the hsemo- 
globin takes up considerable quantities, but it is evident that 
while this might be advantageous from the point of view of loading, 



Kio. 105. — Dlsaocintlon curves of li!«moplobIn solution In wnter at S7* C. Blue. redueeJ liamo- 
globin ; red, oxybremoglobln. Tlio dotted lino In tbo blue t.-> Uio curve obtained wbon the blood 
is cooled to 10* C. Tbo dotted lino in tbo re<l Indicates tbo olb-ct of beat and salt.s. Increasing tbo 
amount of COo in tlio gas mixtures similarly moves tbo curve to tbe right. (After B.arcioft.) 


it would bo unsatisfactory from the point of view of giving np oxygen. 

But blood is hot a solution of hrenioglobin. In blood the 
liajnioglobin is contained in corpuscles, and in these is present in 
close association with its many salts. By adding such salts to 
hfemoglohin in a saturator, it may ho shown that they prevent the 
hteiiioglohin from holding so much oxygen at the lower concentra- 
tions. Carbon dioxide lias a similar ellect which is shown by the 
dotted lines in fig. 107. 
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The effect of carbon dioxide is interesting, as the amount used in 
the experiment is that which is normally present' in the air of the 
alveoli. The reason for this effect of the carbon dioxide on the 
amount of oxygen held, we shall see, is that the oxygen and the 
carbon dioxide indirectly compete for the available alkali in the 
corpuscles of the blood. 



Oxygen Pressure in mm. of Mercury 


Fio. 107. — Dissociation cuirve of hsemoglobin in the actual blood at ST’C, and 40 mm. COo. Blue, 
reduced hemoglobin ; red, oxyhemoglobin. The dotted curve in the blue is the dissociation curve 
at the same temperature, but at 0 mm. C02* Note the resemblance of this to the hemoglobin 
curve. The addition of small amounts of acid or more CO 2 would move the whole curve to the right. 

- A indicates the average content and tension of arterial blood; V, those of venous blood. (After 
Barcroft.) The atmospheric pressure at the summit of Mt. Everest (29,000 ft.) is about 250 mm. 


The two coloured figures (106 and 107) should be carefully 
compared, as they show graphically the advantages of blood over 
a; pure solution of hsemoglobin as an oxygen carrier. 

These factors, however, not only affect the amount of oxygen 
which the blood gives off, but also the rate at which the oxygen is 
liberated. At room temperature, oxygen is taken up rapidly and 
given up slowly, but at body temperature the rate of giving up is 
enormously increased. .. 



222 


RESPIRATION 


[CH. XTIII. 


^ The Transport of Carbon Dioxide. — ^The carriage of carbon 
dioxide has been studied by the same methods as those used for 
oxygen. The estimation of carbon dioxide has already been 
described. Since in solution it is an acid of some power, special 
arrangements have to be made for its transport from the active 
tissues to the lungs to prevent its causing any marked change in 
the hydrogen-ion concentration of the blood. This is accomplished 
by ,the carbon dioxide entering into chemical combination in tbe 
tissues and being set free again when it reaches the lungs, but 
in this process both the corpuscles and the plasma play a part. 



Fjo. 103.— Dissociation curve for carbon dIoxWo In blood. The points A and V are 
tbo same as those In Ur. 107 (Wright, after Haldane). The dotted lino Is the 
dissociation cun'O of a solution of sodium bicarbonate. 


It is convenient to visualise the carbon dioxide as being loaded 
into the blood by the exposure of the blood in the tissues to an 
atmosphere containing a high concentration of carbon dioxide, just 
as carbon dioxide is forced into aerated water from cylinders under 
pressure in a factory, the reception of the carbon dioxide being, 
as in the case of soda-water, facilitated by alkali which prevents 
the water becoming unduly acid. Tho pressures concerned in the 
body, however, aro not so great. 

It must, however, be understood that tho taking up of carbon 
dioxide in tho tissues and its giving off in tho lungs by the blood 
are essentially dependent on differences in partial jiressures and that 
it is easily possible to construct a carbon dioxide dissociation curve 
in the same way as has been done for oxygon (fig. 108 ). 
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The venous blood contains about 58 c.c. per cent, of carbon 
dioxide during rest but appreciably inore during activity while the 
arterial blood contains 54 c.c. per cent, of carbon dioxide {i.e. more 
than twice amount of oxygen). 

- These figures emphasise that during rest a very small proportion 
of the carbon dioxide in the venous blood is mobile and lost in 
the lungs and that the arterial blood contains more than twice 
the amount of carbon dioxide than oxygen. Tliis level of carbon 
dioxide is kept constant by the respiratory apparatus. 

The Arterial or Constant Carhon Dioxide . — By this is meant 
the carbon dioxide which is present in the arterial blood which does 
not come off in the lungs, but which can be driven off by the 
addition of a stronger acid such as tartaric. This is present for 
the most part in the form of sodium bicarbonate and constitutes 
90 per cent, of that present in the blood during rest. 

The alkaline reaction of the bicarbonate is balanced by the 
presence in the plasma of carbon dioxide in simple solution to 

The hydrogen-ion concentration of 


the extent of 


H.CO, 


NaHGOo “ 20 


blood that is in contact with the tissues normally depends on this 
ratio. The presence of the phosphate buffers in the plasma ensures 
an adequate supply of bicarbonate according to the reaction, 


CO, + H„0 + Na,HPO. = NaHCO, + NaH„PO. 


while any tendency for the dissolved carbon dioxide and the 
hydrogen-ion concentration of the plasma to rise is at once corrected 
by an increased respiratory activity. The acid phosphate is 
excreted by. the kidney. Even the .arterial carbon dioxide can, 
however, be reduced by over-ventilation of the lungs or increased 
by inadequate ventilation. 

The Motile Carton Dioxide, although in no way different from 
the more constant fraction, is characterised by being taken up 
and given up by the blood at a great speed which has been shown 
by Koughton and his co-workers to depend on the presence of 
an enzyme, cartonic anhydrase, which catalyses the reaction 
HgO -f COg HgCOg. This enzyme is present only in the corpuscles, 
from which it can be extracted with 40 per cent, alcohol Its 
activity is inhibited by cyanides. 

In the transport of this mobile fraction the reduction of 
heemoglobin in the tissues plays an important part, for the oxy- 
lisemoglobin which is reduced in the tissue is more strongly acid 
than reduced hsemoglobin. 

The high concentration of the carbon dioxide makes it diffuse 
into the corpuscle rapidly and under the influence of the carbonic 
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anhydrase it rapidly becomes HgCOg, which at once dissociates and 
takes the place of the oxygen which has left the corpuscle. The 
products of the dissociation HCOJ" and H+ probably attach them- 
selves for the most part to the potassium hsemoglobinate and the 
haemoglobin to form KHCOg and HHb. A proportion of the COg 
may combine direct with -the NHg group of the heemoglobin to 
form a carbamino compound, HbhTHCOOH. 

The balance between the positive and negative ions in the 
corpuscles and the plasma is upset, but this is at once corrected and 
equilibrium on both sides of the corpuscular membrane re-established 
by the passage of Cl-ions * into corpuscles when the HCO J diffuses out. 

This reaction which is known as the chloride shift was first 
brought to notice by the fact that there is a reduction of the 
chloride content of the plasma when carbon dioxide is added to 
blood while there is at the same time an increase in the amount 
of sodium bicarbonate in venous blood which is balanced by COo 
in solution. This permits the hfemoglobin to assist in the carriage 
of COg without any change in blood reaction (Hamburger). 

The proteins of the plasma play a small part in the carriage of 
carbon dioxide since they are able, like feeble acids, to combine 
with bases which, liowevcr, can be removed from them by an acid 
stronger than themselves. Wo have therefore such reactions as — 

NaPr HoCOj = NaHCOj + HPr. 

(salt) * (acid) 

Because sof such reactions the dissociation curve of a bicarbonate 
solution is not exactly the same as that of separated plasma 
(fig. 108). 

All these very complicated reactions are rendered necessary by 
peculiar properties of tlie membrane of the rod blood-coi*puscle 
through wliich the cations K+ and Na+ cannot pass easily, although 
the anions HCOJ and Cl” can do so. 

It will be seen that when carbon dioxide is added to the blood 
the corpuscle does not change its reaction because the place of the 
oxyluemoglobin is taken by H- and Cl-ions. 

' Similarly in the plasma there is no change of reaction because 
HCO 3 takes the place of Cl-ions. 

In tlie lungs tlio whole process is the reverse of that in the 
tissues, the loss of carbon dioxide being brought about by its low 
tension in the alveoli and the formation of the acid oxyhremoglobin. 

These changes have all been conveniently summarised by 
Houghton, a modification of whoso figure is given on p. 225. 

* These Cl-ions are in association with Na-ions in the plasma which now become 
associated with HCOg-ions. 
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Alkali Reserve (Van Slyke).— The alkali available for the 
transport of acid is known as the allcali o'eserve of the Uood and 
may be estimated directly^ by finding the carbon dioxide com- 
bining power of the blood. This is determined by exposing a 
sample of blood to alveolar air or a gas mixture with the same 


GASEOUS EXCHANGES 
IN. 


TISSUES 


LUNGS 



Fig. 109. — The oxygen cycle and the carriage of carbon dioxide by the blood (see p. 224). 


amount of carbon dioxide (5 '5 per cent.) and subsequently finding 
the amount of carbon dioxide which has been taken up. This 
latter determmation may be made by the Van Slyke, Haldane, or 
Barcroft apparatus (fig. 103, p. 215). Clearly, if any acid is being 
added to the blood, allrali is taken up and the allcali reserve becomes 
appreciably reduced. If, ior any reason, such as the excessive loss 
of carbon dioxide at high altitudes, there is less acid in the blood 
than normal, the allcali reserve becomes reduced by the excretion 
of base by the kidney to keep 'the reaction of the blood at its 
normal level. 

The body has many other ways for maintaining its neutrality in 
many varying circumstances, but we cannot profitably deal with these 
until we have considered the various other mechanisms concerned, 
especially those of the kidney. The allcali reserve of the body is 
dealt with later. - 

In conditions of severe muscular work- not only carbonic acid 
(carbon dioxide and water) is ' produced but also lactic acid which 
combines with the alkali of .the blood to form lactate, some of which 
is excreted by the kidney (see also “ Oxygen Debt ”). 

It is important also to remark that COg is got rid of by the 
kidney as well as by the lungs, and in cases of long obstruction 
to the respiratory tract this other means may become very 
important. 


H 
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The Mechamsm of Gaseous Exchange in the Lung, 


1. Oxygen . — ^The simplest explanation of the passage of oxygen 
from the alveolar air into the blood is that the process is a purely 
physical one of diffusion. (See Diffusion.) 

The conception of respiration based on this view would be that 
the pressure of oxygen in the air of the alveoli, though less than that 
in the atmosphere, is greater than that in venous blood ; hence oxygen 
passes from the alveolar air into the blood-plasma; the oxygen 
immediately combines with the hsemoglobin, and thus leaves the 
plasma free to absorb more oxygen ; and this goes on until the 
hasmoglohin is entirely, or almost entirely, saturated with oxygen. 
The reverse change occurs in the tissues where the' partial pressure 
of oxygen is lower than in the plasma, or in the Ijnnph that bathes 
the tissue elements •, the plasma gives up its oxygen to the Ijunph, 
the lymph to the tissues; the oxyhtemoglobin then undergoes dis- 
sociation to supply more oxygen to the plasma and lymph, and thus 
in turn to the tissues. 

Some authorities have considered that in cases of definite oxygen- 
want, such as during molent muscular exercise, or on the tops of 
high mountains, the lining epithelium of the pulmonary alveoli can, 
hy a process of active secretion, like that of the swim bladder of a 
fish, transfer oxygen from the alveolar air to the blood. Barcroft 
lived for six days in a respiration “chamber in which the oxygen 
pressure in the inspired air was gradually reduced from 130 mm. Hg 
on the first day to 84 mm. on the last; a pressure of 84 mm. Hg 
corresponds to that experienced at an altitude of about 18,000 feet. 
At the close of the experiment a cannula was inserted into Barcroft’s 
radial artery so that liis arterial blood could be collected either when 
he was at rest or performing work ; Ins alveolar air was collected and 
examined simultaneously. The percentage saturation wth oxygen 
was measured in the blood samples and its tension inferred from the 
dissociation curve. The following results were obtained : — 

Puring teat. During ■work. 

Pressure of oxygen in alveolar air . . 6S mm. Hg. 57 mm. Hg. 

Tension of oxygen in arterial blood . . 60 „ 4S „ 


In researches Krogh’s bubble aerotonomelcr has been applied to man, tlie 
blood being ■withdrawn from an artery by a hypodermic syringe. By this method 
comparisons have been made of tlic oxygen-tension in tlie arterial blood and alveolar 
air, Dotli at the sea-level and at Cerro, a mining town in the Andes (14,200 ft). 
In both cases equilibrium seems to be attained so closely that tlie difference 
between the two is wthin the region of e.\periraental error : — 


Cambridge . 
Cerro . 
Edinburgh . 
Mb Everest 


UaTomotric 

pressure. 

761 mm. Hg. 
458 

to*} •• 

250 


pressure in 
.’Tlveolar air. 

100 mm. 

5S .. 

102 ,. 
not available 


O., tension in 
arterial Wood. 

99 

56 

101 
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Many experiments have also been carried out on animals, especially 
by Krogh who varied the oxygen content of the alveolar air. In 
no instance, however, has it been found that the tension of the oxygen 
in the arterial blood is ever above that in the alveoli. ^ 

' 2. Carhonic Acid . — The dissociation of carbon dioxide from the 

blood takes place in the lung by the reverse processes from those 
which have just been described for its transport. The chief factor 
is the fall of the tension of carbon dioxide in the lungs (42 mm.) 

, THE GASEOUS TENSIONS IN THE 
HAEMO -RESPIRATORY SYSTEM in mm. Hg. 

Pa POz 


PRESSURE 760 mm. ATMOSPHERIC AIR 159 -3 



compared with that at which it has been loaded (over 58). The 
process is facilitated by the formation of oxyheemoglobin, wliich 
tends to drive the HCl from the corpuscle into the plasma; 
the HCl breaks up the HaHCOg and drives off the COg into the 
alveolar air. 

In addition the dissociation of the carbon dioxide attached to 
the hsemoglohin is greatly speeded up by the presence of the enzyme 
carhonic anhydrase in the corpuscles. 

The tension of the carbon dioxide in the tissues is usually over 
58, but there is considerable variation in the different body fluids 
according to their reaction. 

The above flgure summarises the main facts in relation to the two 
gases. These figures are approximate and may be taken as averages 
for the body at rest. It is seen that the equilibration is almost com- 
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plete in the lungs but not quite. In exercise the figures for CO„ m the 
tissues may he much increased and those for the Og correspondingly 
- reduced. Actually also, for reasons to he described in relation to the 
respiratory quotient, the blood gives up in the lungs slightly less 
carbon dioxide than the amount of oxygen it receives. Some of the 
oxygen is used to oxidise hydrogen and is excreted as water (HoO). 


Cause and Eegulation of Pul^sionary Ventilation. 

The Function of the Control of Respiration. — ^The control 
of respiration is of the greatest importance in relating the extent of 
the pulmonary ventilation to the needs of the animal. It pro^ddes 
a means by which both the depth and rate of the respiratory move- 
ments may be increased, while at rest there is a minimum pulmonary 
effort. 

There are three factors, each of which plays a part in maintaining 
and regulating the rhytlimic movements of respiration. They are 
the respiratory centres, the vagus nerves, and tlie chemical condition 
of the blood. 

(1) The Respiratory Centres.— If sections of the brain stem are 
made from above downiivards all forms of respirations cease when 
the tip of the calamus scriptorius * is reached. For this reason 
Legallois (1811) who first did the experiment, called this region 
the respiratory centre. The work of Lumsden, however, shows 
that respiration is affected by section of the brain at a much 
higher level. . Section obliquely through the upper part of the pons 
results in the production of apneustic respiration, ix. respiration 
wliich has a prolonged inspiratory phase, while after section through 
the middle of tlie pons gaspmg is the only type of respiration seen 
(fig. 111). These stages are readily seen if an animal is bled to 
deatli, when we may assume that the different parts of the respiratory 
mechanism fail from above downwards. In man these phenomena 
are also seen at the approach of death. 

The respiratory centre has been now shown to consist of two parts, 
an inspiratory centre in the formatio reticularis over the inferior 
olive and an expiratory centre which is just above and dorsal. Each . 
may be stimulated separately to jii'oducc inspiration and expiiation. 
Of these two the inspiratory centre is much the more active as 
expiration is assisted by the recoil of tissues. The respu-atory 
centres are normally affected by chemical and nervous stimuli. 

(2) The Chemical Control of Respiration. — The importance of 
the chemical stimuli was fully demonstrated and studied by Haldane 
and his co-workers, especially Douglas and Priestley in Oxford. 

* This is the name given to the lower part of the floor of the 4th ventricle in 
the medulla which is shaped like a pen. 
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^ The Role of Carhon Dioxide . — In the first place, they introduced the 
simple method of obtaining a sample of the air in the alveoli (see 
fig. 100, p. 207). They found that, under constant atmospheric 
pressure, the carbon dioxide exerts an almost constant pressure in 
the alveolar air of the same person. In different individuals this 
pressure varies somewhat but averages about 40 mm. Hg (5 to 6 per 



Fig. 111.— a composite tracing showing different types of respiration produced by very severe 
hffimorrhage at the point where the abrupt fall in blood-pressure is seen. Pieces of tracing were 
removed at 1 and 2 for convenience of reproduction. First, normal respiration is seen which 
becomes deeper and subsequently shallower; Retween 1 and 2 are seen two respirations of the 
apneustic type, which may be absent if the hamorrhage is rapid; after is seen the typical 
gasping. In some instances different types of respiration may gradually become superimposed 
. on each other, e.g. the gasping may gradually come on during iailing normal or apneustic 
respiration. The blood-pressure recorder was removed later to prevent damage of the respiratory 
record. (McDowall.) 

cent, of an atmosphere) the pressure of the atmosphere in the alveoli 
at sea-level being 760 mm. less 17 mm. for water vapour. 

They found that a rise of 0'2 per cent, in the alveolar carbon 
dioxide is sufficient to double the pulmonary ventilation during rest. 
This effect of carbon dioxide can readily be shown by causing an 
individual to breathe a mixture of 95 per cent, oxygen and 5 per 
cent, carbon dioxide. If, on the other hand, an'* individual breathes 
more deeply and rapidly _than he does normally at rest, i.e. until the 
air in the alveoli becomes more LOce that of the atmosphere and the 
carbon dioxide percentage in the limgs falls, respiration ceases for 
a short time. This cessation is known as Apnoea. It was once 
thought to be due to over-oxygenation of the blood, but it is now 
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known that this cannot occur, since the arterial blood is almost fully- 
oxygenated with normal respira-feion. That the distension of the 
lungs is not responsible is shown by the fact that, if the over- 
ventilation is carried out with expired air, no such apnoea occurs. 

It should be noted, however, that in a number of persons apncea 
is not produced by over-breathing. Whether or not apnoea occurs 
would appear to depend on the state of the nervous system. In 
some persons the effort of the over-breathing on the chemical 
substances it produces more than counter-balances the loss of carbon 
dioxide. Hor does the occurrence of apncea run parallel to the 
production of a fall of arterial pressure (see p. 158). The latter was 
absent in J. S. Haldane although the apnoea was well marked, while 
the reverse was true of Boothby. (Boothby.) 

From what we have said in .relation to the exchange of gases in 
the lungs it is e-vddent that the changes in the gaseous content bring 
about similar changes in the arterial blood. It is these changes in 
the gaseous content of the blood which really cause the alteration in 
the respiratory movements. The final proof of tliis was given by 
Fredericq (1885) of Liege in crossed cii-culation experiments, in which 
the respiratory centre of one animal was kept ahve with blood from 
another; it was shown that the inhalation of carbon dioxide by the 
donor caused an increased respiration in the animal supplied and 
over-ventilation of the donor the reverse. The cessation of respira- 
tion is the result of a fall of arterial carbon dioxide consequent on the 
reduction of the amount of that gas in the alveoli. In man this may 
fall to less than half the normal 5-6 per cent., but breathing is 
resumed before the normal is reached again, since the cessation of 
breathing eventually causes oxygen-want which stimulates respiration 
reflexly via the carotid and aorta (see below). 

The Eolc of Oxygen JFani . — ^That osygen-wrant alone may 
cause increase of respiration is shown by causing an individual to 
re-breathe his own expired air, at the same 'time preventing an 
accumulation of carbon dioxide by passing the air through soda 
lime. The increase, however, is slight compared with the effect of 
carbon dioxide. But for this fact respiration would cease at high 
altitudes where, for example, the partial pressiue of alveolar carbon 
dioxide may be 28 mm. Hg instead of the normal 40 at sea-level. 

In similar experiments it has been found that asphyxia of an 
animal, excluding its brain, causes increased respiration. There is 
now ample evidence that carbon dioxide acts not only on the 
medulla but on the spinal cord, the carotid lodies* and the 

* The carotid bodies are a minute structure close to the carotid sinus at the 
bifurcation of the carotid arteries largely composed of minute vessels and supplied 
•with nerves from the glossopharyngeal like tlie sinus. The aortic body is a similar 
structure in relation to tlie aorta. 
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aortic 'body. The action on the aorta is seen in the fact that the 
effect of carbon dioxide is reduced h'y section of the aortic nerves. 
These regions are also sensitive to oxygen-want (Heymans). The 
stimulation of the carotid bodies can be shown by perfusing them 
with blood of differing gaseous composition. The respiratory centres 
on the other hand rapidly fail if subjected to oxygen-want, e.g. by 
h^rnorrhage (fig. Ill) or by compression of the carotid and vertebral 
arteries which supply the brain. 

We now see how the increased respiration caused by exercise is 
brought about. If the pulmonary ventilation is not sufficient to 
maintain the arterial carbon dioxide and oxygen at their normal 
levels (as in exercise when the blood reaching the lungs is excessively 
venous), the respiratory centre is stimulated by the blood and 
respiration is increased. In severe exercise the respiratory centre 
is still further excited by the lactic acid which is produced by the 
active muscles in addition to carbon dioxide. 

Thus we see that respiration depends on metabolism, or more 
accurately on the carbon dioxide produced and the oxygen used by 
the tissues, and as we shall see later, the tissues which can affect 
the total metabolism most are the voluntary muscles. 

Forced breathing, since it causes the body to lose carbon dioxide, 
has a profound effect on the acid-base equilibrium of the body (see 
later Chapter). 

The Specific Respiratory Stimulus. — If any acid is injected 
into the circulation an increase in respiration occurs and it has- been- 
debated whether' or not it is the increased hydrogen-ion concentration 
rather than the carbon dioxide per se- which is the real stimulus.' 
That the former is not the case, however, is suggested by the fact that 
although the blood of an animal is made alkaline (and this degree is 
never reached during apnoea) by the injection of alkali, breathing 
still continues although slightly depressed. 

Further, it has been found by Hooker that a given rise of 
hydrogen-ion concentration produced by COg is much more effective 
as a respiratory stimulus than the same concentration produced by 
another acid. 

The explanation for this has been afforded by Jacobs. By 
studying the reactions within cells he established that the power 
of HgCOg, i.Q. HgO-l-COg, to penetrate through cell membranes is 
very much greater than that of any other acid. It is therefore, 
presumably, the best stimulant of the cells of the respiratory centre. 

We may look upon carbon dioxide as a specific stimulus only 
in the sense that it permeates more rapidly and we may consider 
that other acids, e.g. lactic, will stimulate the centre, not only by 
increasing the hydrogen-ion concentration of the blood, but also by 
producing carbon dioxide from the bicarbonate of blood. 
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(3) The Nenrous Control of Respiration. — Eespiration is 
influenced by sensory nerves generally, by the vagi, and by the 
higher centres. 

Sensory Nerves . — Stimulation of any sensory nerve causes 
increased respiratory movements if the anjesthesia is not too deep. 
In operations especially on the chest, tliis may lead to the inhalation 
of an overdose of an anaesthetic and also to the ■washing out of 
carbon dioxide. The consequent cessation of respiration may be 
fatal. Artiflcial respiration together with sensory stimulation by 
rubbing the chest and pulling on the tongue is then necessar}*. 

If the vagi are cut or blocked in an animal deeply antestbetised 
with chloral or morphine, the respiration becomes markedly slow and 



Fio. 112 . — A record of respiration from a eat an.x-sthetistd by cbloraiosi' and rpste<I. n-ta-pen the 
arrows both tlio vagi were blockcfl by an clpctrlc (galvanic) curn nt. Xotp the slow deep 
respirations which rc.snlt from the loss of the nering-Ilreuer refle.v (McDowall). 

deep. These facts were investigated by Hering and Brener in 1868, 
and they described what we now know as the Hering-Breuer reflex, in 
which impulses pass up the vagi and cut short each respiratory phase. 
Eespiration is thereby rendered less deep than it otherwise would be. 

We have also evidence that nervous impulses pass up the 
vagus whenever the lung is artificially inflated or deflated; but 
whether the impulse during the expiratory period is inhibitory to 
an expiratory centre, or a stimulus to an inspiratory centre, is 
difficult to decide. The general evddence available suggests that 
there are really two centres acting reciprocally. 

The subject was reinvestigated by Head, who for this purpose 
recorded the movements of a slip of diaphragm, which in the rabbit 
can be separated with its nervous and blood supply intact. 

In one series of experiments positive vcntilatioji veas performed; 
that is, air was pumped repeatedly into the lungs, and so increased 
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tliGir normal distonsion j this was found to decreaso tho inspiratory 
contractions of the diaphragm, until at last they ceased altogether, 
and the diaphragm stood still in the expiratory position (fig. 114, a). 
Negative ventilation brought the diaphragm to inspiratory standstill. 

Later investigations, in which oscillographic records have been 
taken of the action potentials of the vagus, however, have shown 
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Fig. 113. — ^Records made with valve amplification and a Matthews’ oscillograph to show the afferent 
impulses passing up the vagus in the cat. All but a few of the nerve-fibres have been divided. In 
B and 0 only one cardiac fibre is in action and in D only one fibre from the lungs. 

A. Decerebrate cat. Record showing the discharge of impulses at each heart-beat (in nerve- 
fibres corresponding to those of the cardiac depressor nerve in the rabbit) and at each expansion of 
the lungs (inspiration). 

B and 0. Prom another preparation made at a higher speed to show the individual impulses." 
B shows three groups of cardiac impulses. In C the onset of tho inspiratory discharge is shown 
as well. 

D. The discharge of impulses in a single fibre of the vagus duHng inspiration. The impulses 
occur in a regular series with a frequency which rises to a maximum at the height of inspiration. 
(E. D. Adrian.) 

that in normal quiet respiration the impulses ' which pass up the 
nerve during inspiration are much more marked than those during 
expiration ; indeed, during the latter phase they may he ne^gible. 

Lumsden has also shown that the passage of air over the mucous 
membrane of the air-passages_may act as an inhibitory stimulus. 

If the vagi are cut, these inhibitory impulses are then absent, 
and respiration must depend- on chemical stimuli. "Why, however, 
inspiration and expiration should stih alternate is as yet unknown. 
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Similaiiy, stimulation of the central end of the vagus, hy setting 
up artificial inhibitory impulses, causes an inhibition of respiration 
in whatever phase respiration is at the time of the stimulation. 

It is now evident the vagi also carry accelerator nerves, for it 
has been found by Hammouda in Anrep’s laboratory that if they 
are cooled their stimulation results in acceleration." The slowing 
which occurs on section may therefore be considered to be due 
partly to the cutting off of accelerator impulses which arise at 
the periphery. 

There is, however, evidence that the Hering-Breuer reflex is not 
constantly in operation, otherwise we should not be able to breathe 
deeply during exercise. This may be shown experimentally. By 
using a block with a galvanic current, it has been shown that 
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Fio. 114.— Tracings of dlaphragin. The npwnrj movements of the .tracing represent 
inspiration; tlio don-n'vnrd movements, crplration. A, result of positive, B, of 
negative ventilation. (After Head.) 

the effect of the vagi on the respiratory centre may be made to 
vary, Thu.s, although at first, wliile the animal is under ether 
aniesthesia, block or section of the vagi may have no effect what- 
ever on respiration (McDowall), if the animal is allowed to rest 
under chloralose aiuesthesia, the classical effect is obtained on 
blocking. Again, it may bo shown that asphyxia, sensory stimulation, 
or the injection of acid and adrenaline reduces or abolishes the 
effects of vagus section altogether. The Hering-Breuer reflex is, 
therefore, to bo considered a mechanism for the limitation of 
respiration especially during rest, somewhat analogous to the 
depressor reflexes of the circulation. 

Shalloiv and Eapid Respiration . — ^This condition may be produced 
by irritating the inside of the alveoli with a gas such as chlorine 
(one of the poison gases used in war). It may also be produced 
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"by sudden blocking of the pulmonary artery or its branches 
(embolism). Experimentally this has been done by injecting oil 
intravenously (Dunn) ; see fig. 115. 

The reflex origin of such respiration is shown by the fact that 
it disappears if the vagi are cut, and its importance lies in the fact 
that it occurs in pneumonia when 
it causes faulty aeration of the blood. 

The irritation of the vagus- 
endings in the lung may be con- 
sidered to stimulate the centres' and 
cause exaggeration of the Hering- 
Breuer reflex. Such a condition may 
be due also to a gradual weakening 
of the respiratory centre, such as 
occurs during deprivation of oxygen 
or lessening of the oxygen intake 
below a certain level ; or again 
tachypnoea, the rapid respiration 
induced in some animals by heat, 
may be purely central, and may be 
produced by merely warming the 
blood as it goes to the brain. 

Exhaustion of the respiratory 
centre may be brought about by 
prolonged and forceful breathing 
through narrow tubing. Hence the 
necessity for wide-bored tubing in 
divers’ apparatus and the like. 

The Essential Nature of Re- 
spiration. — Discussion is frequent 
on the question whether respiration 
is essentially a reflex phenomenon, 
the so-called respiratory centres 
being merely synapses or central 
cells upon which carbon dioxide and 
oxygen act. That carbon dioxide is 
essential for much nervous activity 
is well known ; it is, for example, 
essential for the normal response of the vasomotor centre to posture 
and the maintenance of decerebrate rigidity. It has been suggested 
that afferent impulses from the sensory nerves generally bring about 
inspiration, while expiration is a reflex response to afferent impulses 
arising from the inspiratory muscles. The other view is that the 
centres of .the brain are constantly giving off rhythmical stimuli 
to the respiratory muscles in virtue of their inherent rhythm. 
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Fio. 115.— Chart showing percentage altera- 
tion in rate of respiration (E/M), total 
ventilation of the lungs (L/M), and depth 
of each respiration (CC/E) during the 
course of an experiment in which pul- 
monary embolism was produced in a goat. 
The zero line represents the normal for 
each factor, and variations in each are 
recorded in percentage terms of the 
normal, so as to make all comparable. 
As the percentage rise in rate exceeds the 
percentage rise in ventilation, the depth 
of breathing falls below the normal. (J. 
S. Dunn.) 
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This view has been strongly supported by Adrian^ who has found 
that if electrodes are placed on the brain removed from a goldfish, 
groups of action potentials may he recorded wMch correspond 
in rate to gill movements. In the fish these are respiratory 
movements. 

This experiment appears to supply the hitherto unobtainable 
proof that the brain can set up rhythmical impulses for respiration in 
the absence of receipt of afferent impulses. Hitherto it has not been 
possible to obtain evidence of respiratory acti\dty without making 
•use of some respiratory movement which in itself may be the origin 
of afferent impulses. In the mammal it is also impossible to cut off 
all afferent stimuli without so injuring the blood supply that the 
brain dies, for the central respiratory mechanism dies rapidly when 
the blood supply ceases. 

In connection with the relative importance of the nervous and 
chemical factors in breathing, it was at one time held that if the 
vagi were cut carbon dioxide could not cause an increased rate of 
respiration. Scott, the author of this view, has now withdrawn it 
since further experiments have proved it to be vmtenable.- Even 
when these nerves ' are divided, an increase in rate can be 
produced by causing the animal to re-breathe its own expired 
air provided all other sensory stimulation has been avoided 
(McDowaU). 

The Effect of Higher Centres. — ^Krogh pointed out that at the 
onset of exercise the increase in total ventilation may be immediate, 
and may take place before any chemical changes could have occurred 
in the blood. Tliis may be shown by causing an indimdual to work 
a stationary bicycle with an electro-magnetic brake the strength of 
which can be altered without the knowledge of the subject. 'With 
an increase of load, the subject’s respiration is at once augmented ; 
but not only so, for a similar augmentation occurs if he sees the 
switch being moved and tliinks the loading current has been thrown 
in. The' initial increase in total ventilation would therefore appear 
to be effected by the liigher regions of the brain. 

To sum up : — In a normal respiration the chemical and nervous 
factors would therefore appear to be related somewhat as follows; 
The inspiratory centre is stimulated to a degree depending on the 
gaseous content of the blood, but the movement is cut short by an 
inliibitory impulse passing up the vagus, only to' begin again' when 
the effects of this inhibitory impulse are removed. 

The First Inspiration. — During fcetal life the need of the 
embryo for oxygen is small, and is amply met by the transference 
of oxygen from the maternal blood through the thin walls of the 
foetal capillaries in the placenta. But when the child is born, this 
source of oxygen is no longer available, the increasing veuosity of 
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the blood stimulates the respiratory centre to action, and is the 
essential cause of the first inspiratory efforts the new-born child 
makes do obtain the oxygen it requires. It is said that if the 
placental circulation is stopped while the child is still in utero, 
respiratory efforts are also made. Some regard the action of the 
air on the body surface as an accessory cause of the first respirations, 
and it is the practice to increase this in feeble children by 
stimulating the cutaneous nerves by the application of .cold water 
to the skin. Such treatment always causes deep inspirations, even 
in the adult. 

Inhibition of respiration may be brought about in several ways : 
for instance, stimulation of the central end of the glossopharyngeal 
inhibits the respiratory movements for a short period ; this accounts 
for the very necessary cessation of breathing during swallowing. 
Stimulation of the central end of the cut superior laryngeal nerve 
or vagus nerve, or of its terminations in the mucous membrane 
of the larynx, as when a crumb is “swallowed the wrong way,” 
produces an increase of expiratory efforts, which culminate in 
coughing. 

Breaking-Point. — The time which the breath can be held depends 
on the accumulation of carbon dioxide in the blood. Usually the 
breaking-point is reached when the carbon dioxide in the alveoli 
has reached 7 per cent. - If, however, the individual re-breathes his 
own expired air, and does not cease respiratory movements, it is 
found that a much higher percentage can be tolerated; indeed, in 
some determined persons, unconsciousness may occur first. The 
cause of this is not quite certain, but it seems that, holding the 
breath causes much greater oxygen lack to the tissues than re- 
breathing, because the circulation is impeded by the loss of the 
respiratory pump. 

Oheyne-Stokes Respiration. 

This is a condition in which the breathing waxes and wanes 
(fig. 116). It is an exaggeration of the type of respiration which is 
often seen during sleep in perfectly healthy people. It. may be 
induced in normal persons if they make themselves pant violently 
for 1-2 • minutes. If then respiration- is allowed to take its own 
course, there will first be a pause (apnoea), then Cheyne-Stokes 
respiration will be set up. The groups will become less and 
less distinct, and respiration will ultimately becoine normal. The 
explanation is as follows: — ■ 

The panting causes an undue amount of carbonic acid to be 
swept out of the body, with the result that the carbonic acid tension _ 
in the blood and in the tissues sinks /to perhaps a quarter or a third' 
of its usual value. Akeady we have seen that carbonic acid is an 
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active stimulant to the respiratory centre, and its removal causes 
respiration to cease, hence the apnoea. But during the apnceic period 
the arterial blood becomes less and less oxygenated. This causes the 
respiratory centre to become unduly irritable, so that when carbon 
dioxide does accumulate it over-stimulates the centre and causes 
itself to he washed out again; another period of apnoea or of 
reduced respiration is then produced. Chejme-Stokes breathing 
appears to be dependent on oxygen-want, but there are many other 
factors concerned in its production. 

It has been shown for example that the production'^ of such 
periodic respiration is easier if the body is > cooled, when the subject 
is lying down, or is rested before the overventilation. A cuff placed 
on the limbs to block the veins and thus withdraw blood from 
the circulation increases respiratory periodicity (J. IsT. Mills). It is 
suggested that pulmonary congestion may play a part.' 



Fio. lie. — Stctliograpli tracing of Clipync-Stokes respiration in a man. The time is 
marked in Hecondi. (Pembrey and Allen.) 


“ If from any cause, such as cerebral hremorrhage or circulatory 
failure, the circulation through the respiratory centre is interfered 
with, or if the absorption of oxygen is interfered with by such causes 
as diminished barometric pressure or pathological conditions in 
the lungs, the occurrence of periodic or Chojme-Stokes breathing 
becomes easily intelligible.” — (Haldane and Douglas.) 

Eesearches by Eoberts and by Mcllanby and Huggett seem to 
show the presence of vasomotor changes in the medulla wliich 
cannot be ignored as a factor in Cheyne-Stokes respiration. 

Pathological Cheyne-Stokes respiration may bo removed- by 
administration either of oxygon or of carbonic .acid, but sometimes 
it is unaffected by breathing oxygen (J. H. jMills). 

It 'is not, however, to be presumed that Cheyne-Stokes respira- 
tion is necessarily a pathological state. It occurs in many normal 
persons during sleep. , 
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The Ejfifects of Exercise on Respiration. 

We are all familiar with the fact that physical exercise increases 
the rate of respiration. This is due to a variety of causes which are 
of the greatest importance in medicine. The first two we have 
already considered. 

1. An accumulation of carbon dioxide and lactic acid in the blood. 

2. Oxygen- want acting on the aortic and carotid bodies. 

3. Inadequacy of the circulation. It is a little difficult to decide 
how this cause acts normally, but its importance is made very 
evident by well-known observations that breathlessness is a common 
symptom of heart disease, especially when the mitral valve is affected 
and the symptom is markedly increased by exercise. In most cases 
■blood accumulates in the lungs as shown by a diminution of the 
vital capacity, in others the increase of breathing may he caused 
reflexly. An adequate speed of circulation permitting the accumula- 
tion of carbon dioxide or oxygen lack in the arterial blood does not 
seem to be of anything but theoretical importance for the blood is 
usually over-aerated. 

All these factors may be accentuated by (1) lack of training, 
which results in a poor performance of the heart and uneconomical 
methods of doing work, with the result that larger amounts of muscle 
are used than are necessary. This is well seen in the breathlessness 
produced in the fat or old man laboriously chmbing, compared with' 
the ease with which a young athlete can run up stairs. Therefore, 
when the heart is fatty or actually'diseased the breathlessness of 
exercise tends to be increased. It seems that the inadequacy of the 
heart allows the accumulation of blood in the lungs and a marked 
reduction of the vital capacity, and therefore of the gaseous exchanges 
in the lungs. (2) Lack of hEemoglobin, or fixation by carbon monoxide, 
by reducing the gas-carrying power of the blood similarly increases 
the effect of the exercise. 

The higher centres play an important part in the increase of 
respiration, which takes place at the very beginning of, or - even 
before, exercise. Mere emotion may be sufficient to cause a marked 
over- ventilation, which may even result in tetany if the .subject is 
deficient in calcium. 

Special Respiratory Acts. 

Coughing.— In the act of coughing there is first of all a deep 
inspiration, followed by an expiration j but the latter, instead of 
being easy and uninterrupted, as in normal breatliing, is obstructed, 
the glottis being momentarily closed by the approximation of the vocal 
cords. The abdominal muscles, then acting strongly, push up the 
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viscera against the diaphragm, aad thus make pressure on the air in 
the lungs xmtil its tension is sufficient to open noisily the vocal cords 
which oppose its outward passage. In tliis way considerable force is 
exercised, and mucus or any other matter that may need expulsion 
from the aii-passages is quickly and sharply expelled by the out- 
streaming eurrent of air. The act is a reflex one, the sensory surface 
which is excited being the mucous membrane of the larjmx, and the 
superior laryngeal nerve is the afferent neiwe ; stimulation of other 
parts of the respiratory mucous membrane will also produce cough, 
and the point of bifurcation of the trachea is specially sensitive. 
Other sensory surfaces may also act as the “signal surface" for a 
cough. Thus, a cold draught on the skin, or tickling the external 
auditory meatus, in some people will set up a cough. 

Sneezing . — ^The same remarks that apply to coughing are almost exactly 
applicable to the act of sneezing ; but, in tliis instance, the blast of air, on 
escaping from the lungs, is directed, b}' a contraction of Uic pillars of the fauces 
and descent of the soft palate, chiefly Uirough tlie nose, and any offending matter 
is thence expelled. 

The “signal surface” is usually tlje nasal mucous membrane, but here, as in 
coughing, other causes (such as a bright light) avill sometimes set tlie reflex going. 

Hiccongh is an involuntarj" sudden contraction of the diaphragm, causing an 
inspiration ■which is suddenly arrested by the closure of the glottis, causing 
a characteristic sound. It usually arises from gastric irritation. 

Snoring is due to vibration of the soft palate. 

Sbibing consists of a scries of conralsivc inspirations at tlie moment of which 
the glottis is partially closed. 

Sighing and Yaicning arc emotional forms of inspiration, tlie latter associated 
vith stretching movements of jaws and limbs. They appear to be efforts of 
the nervous system to correct, by an extra deep inspiration, the venosity of the 
blood due to inactivity produced by ennui or CTicf. 

There are many other abnormalities of the respiratory mechanism which will 
become familiar to tlie student of medicine during his clinical studies. "We maj* 
mention, as an example, largnghmus ftridnlus (the spasmodic croup of chUdren). 
Tliis is a nervous affection due to increased reflex irritability of the laryngeal 
mechanism ; the fits of suffocation are produced by tonic spasm of the adductor 
muscles of tlie glottis, such as may occur in rickets and which really is a larj-ngeal 
manifestation of tetan}'. 

Artificial Respiration. 

In experiments on animals in wliich it is necessary to open tlie 
chest, life can be niaintained by pumping ah' into the lungs ; this is 
done by means of some form of juimp or bellows, the delivery tube 
of which is connected to the trachea' by a cannula, a side hole 
in which provides for the escajie of the expired air. A bottle 
containing the. anaesthetic may bo placed on the course of the delivery 
tube. 

Artificial respiration is sometimes necessary in man to restore 
normal breathing, as for instance in those who are apparently dead 
from drowning. In such cases speed in commencing the artificial 
breathing, and perseverance in continuing The process are essential. 
Many have been restored to life after the efforts have been continued 
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for an hour or more. It is now recognised that of the numerous 
methods for performing artificial respiration, that introduced hj 
Sharpey-Schafer is simple, not injurious, and very effective. He 
was Professor of Physiology at University College, London, and 
subsequently at Edinburgh. The subject is laid on the ground in the 
prone position, with a thick folded garment under his ehest. This 
position facilitates the flow of water from the mouth which should be 
freed of all obstructions, mud, weeds, etc. The operator kneels by 
his side or athwart him facing his head, and places his hands on the 
small of the patient’s back. He slowly throws the weight of his 
body forwards, and thus presses upon the abdomen of the subject, 
and forces air out of the lungs; he then gradually relaxes the 
pressure by bringing his body up again, but without remo-tdng 
his hands. Sharpey-Schafer insisted on the point that the driving 
upwards of the diaphragm by the pressure on the abdomen is more 
important than attempting to push up the ribs. This is repeated 
regularlj’’ at the rate of twelve to fifteen times a minute until normal 
respiration begins, or until all hope of restoration is given up, but 
while the heart beats there is hope.*' 

It cannot, however, be over-emphasised that the important thing 
about artificial respiration is to get begun, for every second’s delay 
makes recovery less likely. On the operating table during a surgical 
operation it may not be convenient to turn the patient on his face, 
but adequate respiration may be obtained by gentle rhythmical 
compression of the abdomen or by pulling up the ribs by means of 
the arms (Sylvester’s method). Almost any method gives a, ventila- 
tion equivalent to the normal tidal air. 

Mechanical Artificial Respiration. 

The prevalence of anterior poliomyelitis (infantile paralysis), 
which may lead to paralysis of the medulla, has necessitated the 
introduction of a variety of mechanical methods by which artificial 
respiration may be continued for prolonged periods. The chief method 
, in use is that of Drinker, in which the patient’s chest and abdomen 
are enclosed in an airtight chamber in which a negative > pressure 
can be produced rhythmically. In the Bragg-Paul method the chest 
is rhythmically compressed by inflating a bag fastened round it. 


. Ventilation. 

Some observers have stated that certain noxious substances are 
ordinarily contained in expired air which are much more poisonous 
than carbonic acid, but careful research has failed to substantiate 

* Recently a rocking method has been introduced by Eve, but requires ^e use 
of a stretcher. It is stated to bring about a greater oxygen uptake than fechafer s 
method) Hemingway, 1944). 



242 


BESPIRATION 


[CH. XYIIL 

this view. If precautions, be taken by absolute cleanliness to 
prevent admixture of the air with exhalations from skin, teeth, 
and clothes, the expired air contains only one noxious substance, 
and that is carbonic acid. 

An adult gives off about 0‘6 cubic feet of carbonic acid per hour, 
and if he is supplied with 1000 cubic feet of fresh air per hour, he 
will add 0'6 to the 0'4 cubic feet of carbonic acid it already contains ; 
in other words, the percentage of that gas will be raised to Off. An 
hourly supply of 2000 cubic feet of fresh air will lower the percentage 
of carbonic acid to O’OY, and of 3000 cubic feet to 0-06, and this is 
the supply which is usually recommended. In order that the air may 
be renewed without giving rise to dra\ights, eacli adult should be 
allotted sufficient space in a room, at least 1000 cubic feet, but 
this is seldom possible. 

Leonard Hill considers that since the carbon dioxide even of a 
stuffy room seldom rises above Off per cent., a level which is readily 
compensated by an imperceptible increase in respiration, . the effects 
of bad ventilation are not so much due to changes in the chemical 
composition of the air, as to the absence of movement in tlie air; 
moving air has a stimulating, and still hot air a depressing effect. 


Air Raid Shelters, etc. 

In war time the length of time an air-tight room can be occupied 
safely is of considerable practical importance. Ily experiment on 
man Haldane has found that such a room may be occupied until the 
oxygen has fallen to 14 per cent., that is with carbon dioxide also 
accumulating to about G per cent. This means that one person at 
rest can safely occupy a room of 25 cubic feet for two hours. For 
convenience it may be noted that 1 cubic foot contains 28-3 litres. 
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THE EELATION OF EESPIEATION TO OTHEE PEOCESSES IN THE BODY 


The Effect of the Respiratory Movements on the Circulation 
and the Pulmonary Circulation. 

The main effect of respiration on the circulation is shown in the 
accompanying figure lip. It will be noticed that the arterial 
pressure rises with inspiration and falls with expiration, but that 



Fig. 117.— Comparison of blood-pressure curve with curve of intra-thoracic pressure. (To be read from 
left to right.) o is the curve of blood-pressure with its respiratory undulations, the slower heart- 
beats on the descent being unusually well marked; 6 is the curve of intra-thoracic pressure 
, obtained by connecting one limb of a manometer with the pleural cavity. Inspiration begins at i 
and expiration at e. (M. Poster.) 


the two events are not quite synchronous, the rise of pressure 
beginning a little later than the inspiratory act, and the fall a 
little later than the expiratory act. 

These variations are chiefl.y the result of the mechanical con- 
ditions dependent on the lungs and heart with its large vessels being 
contained within the air-tight thorax. If the intra-thoracic pressure 
is measured, it is found that it varies from —5 to —7 mm. of 
mercury at the end of expiration to —30 at the end of a deep 
inspiration; that is to say, from 5 to 7 to 30 mm. less than the 
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atmospheric pressure (YGO mm. of mercury). ^The pressure outside 
the heart and the thoracic 'vessels is correspondingly diminished 
during inspiration to the same extent, and produces its main effect 
(distension) upon the tliin-walled veins and the right heart and 
pulmonary circulation, jlt the same time there is a diminished 
resistance in the pulmonary circuit (Sharpey-Schafer), and lowered 
pressure in the pericardium (Lends) and this allows the heart to 
fill more easily. When the chest cavity is enlarged in inspiration, 
not only is air sucked into the limgs but more blood is also sucked 
into the veins and so into the heart. In expiration the reverse 
occurs. This causes a momentary reduction of the amount of 
blood which reaches the left side of the heart and a slight fall of 
blood-pressure, but after a few beats tliis is more than com- 
pensated for by an increased flow due to the reduced resistance of 
the pulmonary circuit and increased output of the right side of the 
heart. During expiration the pressure in tlie lungs rises for there is 
considerable resistance to the exit of air. When the limg is 
compressed, the blood it contains can, because of the pulmonary 
valve, only flow forward towards the left side of the heart, 
and the blood-pressure rises momentarily, but by the middle 
of expiration the pulmonary resistance is so increased and the 
amount of blood entering the chest so reduced that the blood- 
pressure falls. 

Various other factors are also concerned. During inspiration 
there is an irradiation of impulses to inhibit the vagus centre 
causing the heart to go fast. In some persons this is quite marked 
and is known as sinus arrhythm ia. 

The effect of inspiration on arterial blood-pressure is at first 
assisted by the pressure of the diaphragm, as it descends, on the 
abdominal veins, and blood is thus scut upwards into the chest by 
the vena cava inferior. On the other hand, this is to some extent 
counterbalanced by the obstruction in the passage of the blood down- 
wards in the abdominal aorta, but again the veins are the vessels 
more easily influenced by moderate changes in external pressure. 

All these changes are naturally best seen when respiration is 
slow and deep; this may bo done voluntarily or in animals by 
cutting the vagi or cooling the medulla. Tliey are of considerable 
importance in the return of the venous blood from the lower part 
of the body while in the erect posture and constitute what is 
known as the Respiratory Pump. 

Artificial respiration perfonned by means of a pump which forces 
air into the chest produces converse undulations in blood-pressure; 
each blast of the pump increases the pressure in the lungs and in 
tlie chest and causes a reduction in the output of the heart, like the 
normal expiratory act. 
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Valsalva’s Ea^eriment — In speaking of the effects of expiration, 
we have considered only ordinary quiet expiration. With forced 
ex^hration, there is considerable impediment to the circulation ; this 
is markedly seen in what is called Valsalva’s experiment. This con- 
sists in making a forced expiratory effort with the month and nose 
shut ; the effects are most marked in people with an easily compres- 
sible thorax. By such an act the intra-thoracic and abdominal 
pressures rise so greatly that the outlets of the veins of the limbs, 
head, and neck into the thorax are blocked. At first, the blood in 
the lungs is forced out; this produces a slight rise of arterial 
pressure ; but soon, if the effort is continued, the lungs are emptied 
of blood, the filling of the right heart is opposed, and the blood is 
dammed back in the peripheral veins, where the pressure rises to the 
mean arterial pressure. The arterial pressure begins then to fall; 
but before any considerable fall occurs, the expiratory effort ceases 
from exhaustion of the experimenter, and a deep inspiration is taken. 
During this inspiration, the blood delivered by the right heart is all 
used in the fillin g of the comparatively empty pulmonary vessels ; 
thus several heats of the left ventricle become abortive, and produce 
no effect on the systemic arteries ; the face blanches, and the subject 
becomes faint from cerebral anaemia. The alteration of the pulse 
which occurs in Valsalva’s experiment may be shown graphically by 
the sphygmograph. 

The Experimental Study of the Pulmonary Circulation.— 

Many of the above facts have been made out from a direct study of 
the pulmonary circulation. This is more difficult than that of the 
general circulation because of the necessity for opening the chest, 
and of maintaining artificial respiration. 

Pressures taken in branches of the pulmonary artery are about 
one-third of that in the aorta, as perhaps might be expected from the 
thinness of the muscle of the right ventricle compared with that of 
the left. It has been possible to close the chest and make it air- 
tight with a cannula in the artery, and it. has been foimd (Sharpey- 
Schafer) that the pulmonary arterial pressure falls at each inspiration 
and rises at each expiration. If 'the chest is open and' artificial 
respiration maintained by means of a pump or bellows, the^ rise takes 
place during the infiation period when the pulmonary capillaries are 
compressed. 

There is evidence that during quiet breathing, when some of the 
alveoli are not in use, some of the pulmonary capillaries are closed 
because after an infiation of the lungs the pulmonary pressiu’e is lower 
than before. 

The vessels of the lungs are under nervous control hke ail the 
other vessels of the body. The subject has been studied of recent 
years, notably by Daly and by Wiggers. 
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Asphyxia. 

Asphyxia may be produced by anything which prevents adequate 
aeration of the blood.* If the cause of the asphyxia is not due to 
the failure of respiration itself, as in damage to the medulla, the 
B 3 nnptoms of asphyxia may be roughly divided into three stages : (1) 
the stage of exaggerated breathing (hyperpnoea) passing into dyspncea; 
(2) the stage of convulsions ; (3) the stage of exhaustion or collapse. 

In the^rs^ stage the breathing becomes much deeper than usual, 
inspiration at first being especially exaggerated and prolonged. The 
muscles of extraordinary inspiration are called into action, and the 
effort to respire is laboured and painful. This is soon followed by 
a similar increase in the expiratory efforts, which become excessively 
prolonged, being aided by all the muscles of extraordinary expira- 
tion. During this stage, wliich lasts a varying time from a minute 
upwards, according as the deprivation of oxygen is sudden or gradual, 
the lips become blue, the eyes are prominent, and the expression 
intensely anxious. This stage is due to the powerful stimulation 
of the respiratory centre by the increasingly venous blood. 

In the second stage, which is not marked by any distinct line of 
demarcation from the first, the violent expiratory efforts become 
convulsive, and then give way, in men and other warm-blooded 
animals, to general muscular convulsions, which arise from the further 
stimulation of the centres in brain and cord by venous blood. The 
convulsive stage is a short one, and lasts less than a minute. 

The third stage is that ojt exhamtion. In it the respirations aU 
but cease, the spasms give way to fiaccidity of the muscles, there is 
insensibility, the conjunctival are insensitive and the pupils are 
widely dilated. Every now and then a prolonged sigliing inspiration 
takes place, at longer and longer intervals, until breathing ceases 
altogether, and death ensues. During this stage the pulse is 
scarcely to be felt, but the heart may beat for some time after the 
respiration has stopped. The condition is due to the gradual 
paralysis of the centres by the prolonged action of the venous blood. 
This stage may last tliree minutes and upwards. 

The changes which occur in the circulation are also characteristic. 
In ancesthetised animals the arterial and venous pressures rise above 
the normal during the first stage (fig. 118); this is due to stimulation 
of the vasomotor centre and of the sympathetic leading to cardiac 
acceleration which, together with the increased venous pressure, causes 
an increased cardiac output (Mathur). This latter feature may 
not, however, show if the heart has already boon accelerated or if 
the sympathetic has been depressed by the amesthotic. There is 
also no doubt a secretion of adrenaline which acts both on the heart 
* Asphyxia is therefore a combination of oxygen want and excess of carbon 
dioxide. 
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and blood-vessels. If the vagi are not divided previously, the rise 
® much less, and as the asphyxia proceeds the cardiac 



acceleration is replaced by cardiac slowing: this enables the heart 
to last longer, and is due to excitation of the cardio-inhibitory centre 
by venous blood. The final fail of blood-pressure is due to cardiac 
failure and to the dilator effects of carbon dioxide and other sub- 
stances such as histamine and adenosine triphosphate which may be 
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liberated on the internal peripheral vessels. Later the vasomotor 
.centre dies. 

It should he noted that similar central effects are produced by 
asphyxia of the head only, even if artificial respiration is kept up. 
The late slowing of the heart is an important diagnostic sign of 
asphyxia of the teain in cerebral injuries. 

After death the right side of the heart and the great veins 
are engorged with venous blood, while the left side and the 
arteries are empty. Tliis is the result of the failure of the heart 
as a pump, and of the contraction of the smaller arteries and 
skin capillaries which together cause the enormous rise in venous 
pressure. 

The Relation of Respiration to Nutrition. 

The gaseous interchanges in the lungs constitute what is fre- 
quently termed codcrnol rcsjoiraiion. Oxygen obtains an entrance 
into the blood, and is carried to the tissues in the loose compoimd 
known as oxyhemoglobin. In the tissues, this compound is dis- 
sociated, and the respiratory oxygen is utihsed by the tissue elements 
for the' combustion processes which occur consequent on their 
actmty. Of the ultimate products, carbonic acid and a portion of 
the water find an outlet by the lungs, to whicli they are transported 
by the venous blood. The gaseous interchanges in the tissues con- 
stitute what is known as internal or tissue respiration. 

Tissue Respiration. — External or pulmonary respiration is much 
less obscure than tissue or internal respiration. It must be borne in 
mind, however, that pulmonary respiration is but the means, and 
tissue respiration is the end. 

Tissue respiration consists in the passage of oxygen from the 
blood of the capillaries to the cells of the tissues, and the passage 
of carbonic acid in tlie reverse direction. This gaseous interchange 
is no doubt brought about by a simple process of diffusion. The 

oxygen passes out of the plasma 
of the blood through the capil- 
lary wall, and then through the 
lymph until it reaches the cell in 
which it is to be used, which we 
will suppose is a muscle - fibre 
Fio. no. (fig. 119). In order that a con- 

stant stream of oxygen may pass 
from the blood to the fibre, there must be a difference of oxygen 
pressure between the oxygen dissolved in the plasma, and that 
dissolved in the lymph, and the latter must be at a greater 
pressure than that dissolved in the muscle-fibre. The amouiit 
of oxygen wliich passes will, other tilings being equal, be directly 
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proportional to these pressure differences, and as the amount varies 
greatly at different times, it is ohAuous that the pressure differences 
also vary greatly. When the muscle is at rest, the oxygen pres.vne 
in the capillaries is very near to that in the muscle-fibre; whetrihe 
muscle is active and using large quantities of oxygen, the mtra 
muscular oxygen is reduced and more oxygen enters the muscle. 

The tension of oxygen in tissue lymph has been investigated 
by injecting a bubble of nitrogen into the tissue spaces or body 
ca^dties, and subsequently withdrawing and analysing the bubble 
after equilibrium has become estabhshed between the gases in the 
bubble and in the lymph. The tensions of oxygen thus obtained 
usually vary between 20 and 40 mm. Hg., with an increase up tu 
70 mm. during increased blood supply or some decrease below 20 mi;), 
during decrease of blood suppl}’’ or during increased use of oxygen 
when there is increased tissue activitjx The oxygen tensions within 
the cells bathed by the Ijonph are probably similar to those in the 
lymph with the possibility of some variation in different parts 
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Fio. 120.— The black area represents the lactic acid thrown into the blood during the time following 
a tetanus that lasted 84 seconds ; the work done by the muscle was TO gramme-centimetres ; the 
total quantity of lactic acid formed was 0-003 gramme. The figures on the vertical lino represent 
fractions of a gramme of lactic acid per second. 


of the cell. Thus in muscular activity lactic acid may be formed 
in certain parts of the fibre at a more rapid rate than oxygen 
can diffuse to these parts. It is likely that the more vital parts, e.g. 
nuclei of cells of an aerobic organism like man, are normally never 
without oxygen (Argyll Campbell). 

From what has been said regarding the effect of carbon dioxide 
and acids in reducing the amount of oxygen held by the blood it may 
he deduced that the capillary oxygen pressure will be raised by the 
increased quantity. of acid which is thrown into the blood as the 
result of muscular activity. The above diagram (fig. 120) shows 
, the -extent, both in degree and time, of this pouring of acid into the 
blood as the result of a short tetanic contraction of a muscle. 

, In glandular structures the oxygen pressure is higher than 
in muscle; probably owing to the relatively more copious blood- 
supply of glands, equilibrium is more readily established between 
the blood and the gland cells, the oxygen pressure in the cells bemg 

almost that present in venous blood. _ . . i 

The quantity of oxygen used by different tissues vanes not on y 
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with the degree of their activity, hut also with the nature of the 
tissues. On the whole it may he said that, weight for weight, 
glandular tissue uses most oxygen; next in order come the 
muscular tissues, and last of all, the connective tissues. There are 
some important tissues, notably the nervous system, about which little 
is known in this connection. The amount of oxygen used by an organ 
or tissue per gramme per minute is called its coefficient of oxidation, 
which is calculated after weighing the organ, ascertaining the 
amoimt of blood which flows through it in a given time, and by 
finding the difference in oxygen content of the blood arri^ing at and 
leaving the tissue. 

Relation of Tissiic Respiration to Functional Activity. — ^In all 
organs increased actmty is accompanied by increased oxidation. 

Much interest is 'centred in the question of the order of time 
in which these events take place. The matter has been investigated 
in skeletal muscle and in the submaxillary gland (fig. 121), both 



Fia. 121.— The hUck-whlte line represents rate o( saliTarj- secretion In c,c, P'T minute. S— S=hase 
line tor saliva. Black arca=:oiygcn used by the gland. 0—0-oxygen base line. 


of wdiich organs can be thrown into profound acti\'ity for a short 
space of time ; in each, most of the oxidation follows on the activity, 
and not the activity on the oxidation. The important inference is 
drawn that neither the contraction nor the secretion is caused by 
the oxidation in cue sense that the machinery of a locomotive is 
driven by the energy derived from the oxidation of the coal ; rather 
is the mechanism like that of a spring which is liberated at the 
moment of doing the work, and has to be rewound subsequently; 
the process of re\Yinding involves oxidation (see I^Iusclo). In muscle 
we have seen that the heat-formation which occurs in the period 
following actimty takes place only if the muscle is supplied with 
oxygen. The output of carbonic acid, in its turn, follows the intake 
of oxygen. The order of events is therefore: (1) mcrease of 
functional activity; (2) increase of heat formation and oxygen taken 
in ; and (3) increase of caihonic acid output. 

The table on p. 251 shows the cooflicients of oxidation for resting 
organs, and the extent to which they are increased in acti\dty. In 
many cases the quantitative relationships have not been worked out 
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It has been shown on the heart that if H is the number of 
beats per minute, T the maximum blood-pressure which is attained 

' IT V T 

at each beat, and 0 the amount of oxygen used; then — is a 

0 

constant quantity, unless the cardiac muscle is itself rendered less 
efficient, as may be done by the use of drugs. This is in agreement 
‘with a series of researches on the heat given out by frog’s muscle, 
which shows that the heat given out in a single contraction varies 
' directly with the tension in the muscle. In other words, the amount 
of oxygen used and heat evolved is, as might be expected, propor- 
tional to the work done by the tissue as shown by the following 
table. The student should read the section on the Chemical Changes 
in Muscle at tliis stage. 


Organ. 

Condition of Rest. 

Oxygen used 
per minute 
per gramme 
of organ. 

Condition of 

Activity. 

Oxygen used 
per minute 
per gramme 
of organ. 

Voluntary 

muscle. 

Nerves cut. 

Tone absent. 

0-003 C.C. 

Tone existing in rest. 
Gentle contraction. 
Active contraction. 

0-006 c.c. 
0-020 c.c. 
0-080 C.C. 

Unstriped 

muscle. 

Resting. 

f 

0-004 C.C. 

Contracting. 

0-007 C.C. 

Heart. 

Very slow and 
feeble con- 
tractions. 

0-007 C.C. 

Normal .contraction. 
Very active. 

0-05 c.c. 
0-08 c.c. 

Submaxillary 

gland. 

Nerves cut. 

0-03 C.C. 

/ 

Chorda stimulation. 

0-10 c.c. 


The Mechanism of Oxidation. 

Many students may prefer to defer reading this section until 
they have (Completed Intermediate Metabolism. 

The oxidation of foodstuffs is, unfortunately, not so sirnple as 
the oxidation of metals. Hone of the carbohydrates are oxidised by 
merely exposing them to oxygen, yet they are easily oxidised in the 
body. It is evident that some catalytic process is necessary. The 
whole mechanism has now been shown to depend on the existence of 
a large number of organic catalysts or enzymes, which may catalyse 
both oxidation and reduction. 

The first step in the study of the processes concerned was the 
discovery of oxidases or oxygen-carriers. If the^ resin guaiacum is 
exposed to air it is unaffected, but if a plant juice such , as that 
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of potato is added it becomes dark blue. If now alcohol is added 
to such juice a precipitate is formed which will not act like oxidase 
but will cause the guaiac to be oxidised only in the presence of 
hydrogen peroxide. It was subsequently found that the plant juice 
contains phenolic substances which are auto-oxidi sable and form 
organic peroxides from which oxygen is readily available for activation 
and use \)j peroxidases. It is the oxidation of these auto-oxidisable 
substances to organic peroxides which causes the rapid darkening 
of a cut apple or potato exposed to air. Ferrous salts generally 
have the power of acting as peroxidases and cause a large number 
of reactions similar to those which occur in the body, such as the 
oxidation of fatty acids (see later page) and of glucose to glucuronic 
acid. The haemoglobin of Idood also has a peroxidase-like action and 
its presence can be demonstrated by adding to it hydrogen peroxide 
and guaiac. This, indeed, is a recognised test for blood. 

Oxidation does not necessarily involve the addition of oxygen. 
A simple chemical equation indicates that the taking up of hydrogen 
comes to the sani e thing. Thus in HO^ + II._> = 2IIoO we can look upon 
the hydrogen as being oxidised, on the peroxide as taking up h}'drogen. 

In tissues and fluids this subject has been studied by the use of 
methylene blue which is colourless when hydrogen is added to it. 
If this dye is brought into contact with living tissue it becomes 
decolorised, and as this occurs in the absence of oxygen, and as 
metJiylene blue is not an oxidising agent in the ordinary sense, it 
may be presumed that it takes up h)-drogen. 

On further investigation it has been found that the dccolorisation 
depends on an cn/.}'nio which hu.s been called dcliydro'jcnasc which 
transfers the hydrogen to the hydrogen acceptor, in the above case 
the methylene blue. Further, it becomes evident if the now 
reduced acceptor, with its extra hydrogen, was allowed to take up 
0„, it may produce either water or hyilrogou peroxide. But hydrogen 
peroxide is harmful to tissues, and we are therefore not surprised 
to find that there exists in tissues still another enzyme catalase, 
which rapidly breaks it up to form water releasing oxygen. It is, 
indeed, for this reason that the oxygen bubbles oil' from hydrogen 
peroxide in contact with tissues. It should, however, bo noted that 
ta catalase diflers from a peroxidase in that the latter activates 
hydrogen peroxide without decomposing it. 

In the tissues it has now become a])i)arent that the processes of 
oxidation and hydrogen acceptance both occur and that there exist a 
number of substances which are alternately oxidised and reduced. Such 
catalytic substances are the iron containing })igments cytochromes and 
the tripeptide yhitathionc. There is present also in tissue a yellow 
oxidation catalyst, a complex flavin, which appears to act like methylene 
blue and to be related to the activities of vitamins B^ and possibly C. 
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Some of the .tissue poisons like cyanide and anaesthetics act by 
interfering with the enzyme actions concerned in the tissue oxidation. 

Of the catalysts the cytochrome system seems to be the most 
important. Cytochrome, of which there are several varieties, is 
a hcumochromogen related to the blood pigments. It acts as a 
hydrogen carrier but is not itself oxidised. 

If we take the cytochrome system as ah example we see that the 
substance acted upon first has its hydrogens activated and we may 
call it SHg, in which form it is easily oxidised by the oxidised 
cytochrome. The latter becomes reduced but is .again reoxidised by 
oxygen in the presence of- another enzyme, cytochrome oxidase 
(formerly called indophenol oxidase because of the test for it). The 
reaction may he shown thus : — 

Substance to be acted upon 

activated by dehydrogenase, i. e. SHg 

oxidised , reduced + S + H O 

cytochrome cytochrome ^ ^ 

1 

by cytochrome oxidase 
and Oo 

The whole subject is admittedly extremely complex and much 
research on it has yet to he done. 

The Total Gaseous Exchange. — This depends entirely on the 
needs of the body, and, as pointed out by Haldane, it is important 
to remark that the muscles control respiration just as they do the 
circulation and arrange, largely by virtue of the carbon dioxide 
and lactic acid they produce, that their needs are provided for. In 
each instance their requirements may he anticipated by the effect of 
the higher centres, but tliis is not essential. 

At rest the oxygen intake of an -average man is 200-400 c.c. 
per min., but this varies according to the work done and many other 
factors. (See Basal Metabohsm.) . 

The Respiratory Quotient. — This is the ratio between the 
volume of carbon dioxide given out and the volume of oxygen 

retained, i.e. - The amounts of these gases in the expued air 

and insph’ed air^ are seen in the following table, which gives 
average figures : — 



Inspired Air. 

Expired Air. 

Oxygen . 

Nitrogen 

Carbonic acid 

Water vapour 
Temperature . 

20-96 vols. per cent. 
79 „ »> 

0*04 ,, ,, 

variable 

»t 

16-03 vols. per cent. 
79-57 „ 

4-4 „ „ 

saturated 

tliat of body (37° C.) 
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It is seen that about 5 volumes of oxygen have been taken up 
while 4‘5 volumes of carbon dioxide liave been given' off. In this 
instance the respiratory quotient is 0-9, but the figure may vary 
somewhat according to circumstance. 

If carbohydrate only is being burnt in the body, c.g. glucose 
(CgHigOg), all the oxygen taken in appears as carbon dioxide (COo) 
in the expired air, since the carbohydrate itself contains sufficient 
oxygen to oxidise its o^vn hydrogen. The respiratory quotient is 
therefore I'O. 

If, however, fat is burnt, c.g. tristearin (Cg-H^oOg), oxygen is 
also necessary to oxidise the hydrogen to water (HoO). Thus the 
amount of oxygen retained becomes relatively larger than that of 
the carbon dioxide expired — and the respiratory quotient becomes 
less than unity. The respiratory quotient may therefore be used 
to indicate the relative amounts of fat and carbohydrate which are 
being used as fuel in the body. Protein gives a respiratory quotient 
of about 082, i.c. between fat (0'7) and carbohydrate (I’O), and. there- 
fore does not influence the total respiratory quotient appreciably. 

In the above table the nitrogen content of the sample of air is obtained by 
subtracting the amount of O -rCO.i from 100, but for reasons just pven the O + CO;, 
expired is not equal to the amount inspired, and the amount of nitrogen expired 
appears larger than Uiat inspired. In more nccumte work this is taken account of, 
and the actual amount of oxygen inspired for each 100 c.c. of air expired is found 
79*fl7 

thus : 20’96 x ■. This dinded into the CO.> expired is known ns the corrected 
respiratory quotient. 

Oxygen Debt. — During severe exorcise it is impossible for an 
individual to take in as much oxygen ns is needed for the exercise, 
and, as we have already seen in relation to the chemistry of muscular 
contraction an oxygen debt is contracted. Lactic acid is produced 
and lactates are formed by its*action on the bicarbonates. ' After the 
exercise the debt gets repaid, the lactates becoming oxidised. This 
showR itself by the increased oxygen consumption whicli continues 
for a considerable period after the exercise has ceased (see fig. 2G. 
p. 42). Thus wo SCO that the facts which have been found- in 
relation to isolated muscle ap 2 ')ly also to the body as a whole. 

The Effect of Exorcise on the Respiratory Quotient.— During severe 
exercise it is found that the respiratory quotient may rise above unity. This is 
considered to be due to excessive .stimulation of the respiratory centre by afferent 
impulses and partially to carbon dioxide being liberated froni the bicarbonate of 
the blood by lactic acid. When the exerci.se ceases the respiratory quotient rises 
abruptly and may even reach 2 as a result of the cessation of the hyperpnoea. 
Gradually, however, the opposite slate of affairs occurs. The laclate in the blood 
gradually undergoes oxidation during the recovery and alkali is set free. Carbon 
dioxide is now retained to form bicarbonate so to maintain the acid-base equilibrium 
of the blood and the re.spiratory quotient falls below 1. 

Hill, Long, and Lupton have collected the expired air during the exercise and 
the recovery period, and it has been found that the respiratory quotient for the total 
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excess metabolism of exercise is exactly unity, a fact which goes to indicate that 
in exercise carbohydrate is the fuel used. In prolonged exercise a fall in this 
respiratory quotient suggests the use of fat. 


Local Oxygen-Want. 

This may occur if there is, obstruction to the blood-supply of. or 
venous return from an organ. If due to arterial obstruction or to 
simple pressure, gangrene or death of the part rapidly ensues unless 
collateral circulation is established; if due to venous obstruction, 
the vitality is impaired and, until the blood has found some other 
route of return, marked swelling of the part, as the result of 
increased permeability of the impaired capillaries, is evident. 


General Oxygen- Want. 

Barcroft in describing the methods by winch oxygen-want may 
be produced has adopted a homely simile. He compares oxygen- 
want -to failure of the milk supply. It may be due to three 
causes : 1. There may not be enough milk at the dairy. 2. The 
milk may be adulterated so that what is sold is not milk. 3. The 
milkman may not call. In 1, the anoxic type, the blood is normal 
but does not take up sufficient oxygen in the lungs. Usually this ^ 
is due to failure of the respiratory mechanism. In 2, the ansemic 
type, the blood is deficient in haemoglobin and cannot carry oxygen. 
This occurs in coal-gas poisoning and in anaemia. In 3, the stagnant 
type, there is faulty transport of normal blood which may contain 
the normal amount of oxygen. This variety is due to a failure in 
the circulation. 

Each of these varieties is met with in patients and usually leads 
to breathlessness if the fault is not due primarily to failure of 
the respiratory centre. The treatment 'of. general anoxsemia is, 
however, of great practical importance as the condition rapidly leads 
to tissue destruction and death if allowed to persist. 

One of the most dramatic varieties of oxygen-want is that 
produced when a man descends into a well filled with gas which 
is not of itself harmful. The onset of unconsciousness is sudden 
and without warning, exactly as occurs when the blood-supply to 
the brain is cut off. The breathing of pure nitrogen or any gas 
other than oxygen produces a similar result. ' In ascent to a high 
altitude the onset of the oxygen-want is more gradual (see below). 

Breathlessness or Dyspnoea may be produced by one or both 
of two causes: — (1) Increase in the stimuli which play on the 
respiratory centre, and (2) Increase in the irritability of the 
centre itself. The respiratory centre does not escape the influence 
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of drugs wliicli exalt or depress the excitability of the medulla. 
Anaesthetics and narcotics depress respiration while analeptics 
stimulate it. ' 

The commonest cause of .dyspnoea is exercise, wliich increases 
the amount of COg in the blood, but increased resphatory activity 
Idee increased heart rate may precede the exercise througlz the effect 
of the higher centres. In sustained or severe exercise the effect 
of COg is enhanced by the production of lactic acid. If the exercise 
is prolonged the well-hnown phenomenon of second -wind occurs. 
Tliis appears to be in part the result of a more economical use of 
the muscles and the lessened production of carbon dioxide since it 
has been found that at this stage tliere is a fall in the alveolar CO.,. 
By this time the circulation has also adapted itself to its task. 

It is important to remark that anything which causes delay 
of the circulation also causes increased respiration since it is 
improbable that delay of blood-flow through the brain stimulates 
respiration ; certainly it cannot be produced experimentally. 
Presumably the paralysing effect of the ox}'gen want on the centres 
more than counteracts, blood tends to accumulate in the hmgs, the 
■sdtal capacity is decreased and the exchange of gas in the lungs 
is mechanically interfered with. Tliis occurs in some forms of 
cardiac disease. 

Breathlessness, it will be evident, is brought about by anything 
wliich reduces the respiratory quality of the blood, such as blood 
loss or the presence of abnormal acids, or by anything which 
causes faulty oxygenation of blood in the lungs, ^\^lenever there 
is present any pathological state which tends to produce breathless- 
ness, this symptom is increased by exercise. 

The extent, however, to which exercise will produce dyspnoea 
depends on training wliicli makes it jiossible for the exercise to be 
carried out with greater economy. 

Respiration at High Pressures. 

Prolonged exposure to pressures of oxygen, equal to 1300 to 1400 
mm. of mercurj', induces pneumonia, and death rapidly follows. It 
is not possible, tlierefore, for men to work in air which is compressed 
to the extent of producing so gi*eat a pressure of oxygen. 

Caisson Disease . — In work under water it is usual to sink an 
iron bell or caisson in which the men work and from which the 
water is excluded by pumping air in at a pressure higher than that 
of the water. Tlie men enter tlirough a cliamber with double doors 
or “air-lock.” In tliis chamber the pressure can be raised or 
lowered. The pressure in the caisson rarely exceeds 4 atmospheres, 
which corresponds to about GOO mm. of oxygen ; at this pressure 
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the workers do not suffer whilst they are in the caisson, hut grave 
symptoms may develop shortly after they have .come out. Similar 
symptoms are experienced by divers who come to the surface from 
great depths. The symptoms may take the form- of paralysis, 
vomiting, severe abdominal pain, which may cause . “ bends,” 
vertigo, etc. They are due to the, fact that the plasma and the 
tissue fluids have become saturated with oxygen and nitrogen at 
the pressure of the caisson, and when the pressure is suddenly 
removed, minute bubbles, especially of nitrogen (the oxygen being 
used), form throughout the body and injure such tissues as the 
spinal cord, or produce blockage of the vessels. Short hours are 
necessary for caisson workers, for then the body has not time to 
get saturated with air at the caisson pressure, and in all cases 
“decompression” must be gradual and slow; this gradual release 
from pressure is accomplished in the “ air-lock.” L. Hill, who intro- 
duced the method, advocated the use of high oxygen tension in the 
decompression chambers. 

The effects of still higher pressures occur in the escape chambers 
of submarines in deep water, i.e. about 300 feet. At such pressures 
nitrogen becomes an intoxicant (Haldane). 

Ascent to High Altitudes. 

The advent of aircraft and the importance of liigh flying 
in war led to an increased interest in the subject, and now there 
are established in many places large chambers from which it is 
possible to pump out the air and thus produce, at ground-level, 
a rarefled atmosphere like that at a high altitude. 

A study of the dissociation curve of oxygen at low tensions 
indicates that at high altitudes the blood can take up very little 
oxygen. At the top of Mount Everest (29,600 feet) where the 
barometric pressure is only 260 mm., although the atmospheric 
oxygen is still 21 per cent, this only represents a tension of 
about 50 mm., and in the alveoli the oxygen pressure is still less. 
Since the body at rest requires over 250 c.c. of. oxygen per minute, 
it is evident that at such heights serious oxygen- want results 
and this is increased by exercise. Climbers reduce their actmty 
to a minimum and may only have' the “ energy to sup strawberry 
jam.” At high altitudes the intense cold and carriage of kit are 
also serious handicaps. 

Mountain sickness occurs in untrained' climbers at less than 
10,000 feet. Vomiting may occur ; often there are bad headaches, 
sleeplessness, absence of self-restraint, recklessness, irritability, and 
an inability to carry out the more complex cerebral functions, such 
as arithmetical calculations. The effects, indeed, are very lilce 

I 
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those of drunkenness. Such cerebral changes have caused intrepid 
balloonists to continue to ascend until they died. The speed of 
the ascent is important. Thus those who go to the top of Pike’s 
Peak in Colorado (14,000 feet) by rail from the lower country are 
more affected than those who go by stages. Those who ascend 
slowly show remarkable adaptation. This was well seen in the 
Everest expeditions. 

Adaptation to high altitudes consists (1) in increased pulmonary 
ventilation ; (2) increased heart-rate and cardiac output. A deficient 
supply of oxygen in the blood stimulates respiration reflexly 
from the carotid and aorta and so produces increased pulmonary 
ventilation. This increases the tension of oxygen in the alveoli. 

Alveolar oxygen pressure 

Altitude Observed alveolar which would have existed 

pressure of oxygen. had no adaptation 

taken place. 

Se-i-level .... 100 mm. 100 mm. 

15,000 feet ... 52 „ 38 

The increased dc_pth of respiration is quite evident in ordinary 
aeroplane ascents. 

(3) The other important method of adaptation is in the increase 
of coi'iiuscles and hfcmoglobin, and consequently of the oxygen 
capacity of the blood. In consequence the oxygen tension in the 
tissues is increased. 



Corpuscl*'.’ ppr c.m. 
tn millions. 

ntcmogloMn value 
on liU'moglobiriometcT 
SWle. 

Oxygen capacity 
of blood. 

Sea4cvcl . . • . 

•1-9 

99 

830 C.C. 

After 1 week at 14,000 feet 

5-4_ 

115 

870 

2 fV Vf 

. 5 ’75 

120 

1040 

%% 1* 1* 

. 5 ‘75 

121 

lOGO 

^ 1* 11 

. 

121 

loss „ 


It has been observed in animals that, in response to the call 
for oxygon, there is an increased activity of the bone-marrow wliicli 
provides the corpuscles. 

(4) Excretion ofAlhctli hj the Kidney . — As a result of the increased 
breatliing there is a reduction of the carbon dioxide in the. alveolar 
air and consequently a fall in the carbon dioxide content of the 
blood. This is liable to cause a reduction in the hydrogen-ion concen- 
tration of the blood and reduce the dissociation of oxyluemoglobin, 
but it is compensated for by an excretion of alkali by the kidney 
(see Acid Base Equilibrium). 

It is then evident that considerable adaptation can occur. Indeed, 
in the Everest Expedition of 1924 Somervell and Smythe reached 
a height of 28,000 feet without using stored oxygen, a height much 
in excess of what might bo expected from the dissociation curve. 
Although the climbing was not steep they took ten breaths for 
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each pace ahead. This shows that adaptation was really very 
incomplete. All the evidence from expeditions, however, indicates 
that man cannot live above 20,000 feet without deterioration shown 
in loss of weight and appetite, enfeeblement of the heart and 
nervous symptoms. Eabhits have been kept in a low pressure 
chamber corresponding to a height of 30,000 feet for 8 days, but 
they ail developed serious degeneration of internal organs. Eats 
fed on a low protein .diet, e.g. of carrots, show increased resistance 
(Argyll Campbell). 

Training . — These facts indicate the importance of training for 
ascent to high altitude and of allowing sufficient time for the 
adaptations to take place. Experiments also indicate that it would 
he possible to train to some extent before commencing the ascent 
and to find out which individuals are most suitable. 

High altitude flying has many problems which are peculiar, 
for the ascent or descent may be so rapid that adaptation is of little 
value, although some individuals can withstand altitude better than 
others. Compared with the ascent of mountains the essential 
difference is that oxygen is essential at lower levels,- 15,000 feet, 
because there is not time for the processes of adaptation to come 
fully into play. For night flying, oxygen is necessary at still lower 
levels because the visual purple, which is so important for seeing, 
is particularly affected by oxygen want. 

So-cklled stratosphere flying, which has the advantage of 
lowered air resistance and higher speeds, has still larger problems, 
for above 42,000 feet when the atmospheric pressure is only 
126 mm. of mercury, the administration of pure oxygen at this 
pressure is insufficient. The aviators have to be enclosed, therefore, 
in air-tight suits or in cabins to which oxygen is supplied at a 
greater pressure than that outside. Similar difficulties occur in 
relation to supplying the aero-engines with oxygen, but these are 
overcome by the use of apparatus to compress the air which is drawn 
in. Special arrangements have also to be made to supply warmth. 
It seems, too, that an; altitude sickness and " bends ” due to sudden 
decompression and nitrogen release may also occur as in ascent 
from depths. 

The facts are conveniently summarised in fig. 122, p. 260. 

It should be emphasised in all rapid ascents that the administra- 
tion of oxygen is essential above 15,000 feet, a fact which both 
aviators and climbers have been very loth to recognise largely for 
sporting reasons, and eq^ually it has been shown that, provided 
oxygen is given, the human body can be' taken as high as the 
aircraft can reach— at present 54,000 feet. Such heights make 
Mount Everest seem paltry. In concluding this section it may be 
remarked that flying at very high altitudes has been made possible 
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Fio. 122.— Figure Bliowlug llio cUtot facts regarding UIgli aUilude. Tlio aeroplane altitude record lias 
Hlnco been raised. (Uy porinisalon froi'n tbo i’hysiologioal Laboratory of tbo Air Ministry.) 





OH. XIX.] 


CAEBON-MONOXIDE POISONING 


261 


by tKe accurate and painstaking studies made in physiological 
laboratories in the interest of pure science and that even the 
stimulus of war has produced little new. 


The Effects of Oxygen Excess. 

In view of the importance of oxygen administration in high 
altitude flying and in respiratory disease, it may be noted' that 
60 per cent, oxygen can be breathed with safety for indefinite 
periods, but if pure oxygen is breathed, at over 1 atmosphere 
pneumonia may occur ; there may be also faintness and con- 
vulsions. It is thought that these symptoms are caused by an 
insufficient reduction of haemoglobin at rest to free sufficient base 
to carry away carbon dioxide, which therefore accumulates in 
the body. 


Oarhon-Monoxide Poisoning. 

The fatal effects often produced by this gas (as in accidents from 
burning charcoal stoves in -small close rooms, or where there is an 
escape of coal-gas) are due to its entering into combination with the 
haemoglobin of the blood-corpuscles, and thus hindering their oxygen- 
carrying function. In an atmosphere containing both oxygen and 
carbon monoxide, the relative quantities of the two gases which the 
haemoglobin will absorb vary with the partial pressure of the 
gases. The affinity of haemoglobin for carbon monoxide is, how- 
ever, 250 times that for oxygen, and the compound formed—' 
carboxyhaemoglobin — is much more stable than oxyhaemoglobin 
is. If, therefore, any considerable quantity of carbon monoxide 
is - present in the air, the haemoglobin will be almost completely 
charged with carbon monoxide, and asphyxia will follow. If the 
patient is given pure oxygen to breathe, even at a late stage, two 
things will happen : — (1) The blood will take up in simple physical 
solution about seven times as much oxygen as when exposed to 
air, and this may be sufficient to carry on life; (2) as regards 
the saturation of the hsemoglobin, the balance is now in favour 
of the oxygen, relatively weak as its affinity for hsemoglobin is, 
and the carbon monoxide gradually becomes dissociated again and 
is excreted by the lungs. In treating a patient so poisoned, there- 
fore, it is important to remove him to a good atmosphere as 
soon as possible. In rescue apparatus it is now common to supply 
7 per cent, carbon dioxide with the oxygen. This stimulates the 
failing respiration (Yandell Henderson, Drinker). 



CHAPTER XX 


THE CIIEAnCAL COMPOSITION OF THE BODY 

Out of the eighty odd elements which are now known only a relatively 
small number are found in the bodies of the higher animals. Of 
these the most important are: — carbon, nitrogen, oxygen, hydrogen, 
sulphur, phosphorus, sodium, potassium, calcium, magnesium, iron, 
chlorine, iodine, with traces normally of fluorine and occasionally 
of manganese, copper, lead, and silver. Of these, only three are 
found in the free state, viz., in the blood nitrogen and to a less 
extent oxygen, in the intestine traces of hydrogen resulting from 
fermentative processes. With these exceptions the elements are 
present in combinations as chemical compounds of various types 
which are gi'ouped by convention into — 

(1) Organic compounds, i.c. those containing carbon. 

(2) Inorganic, i.c. all the rest. 

The naturally occurring organic compounds are grouped into 
carbohydrates, proteins, fats, the sterols — and other unclassified 
substances. 


Carbohydkates. 

The Carbohydrates are found chiefly in vegetable tissues, and 
many of them form important foods. Some carbohydrates are, how- 
ever, found in or formed by the animal organism. Among the more 
important carbohydrates are starch, ghicosc, fructose, and lactose. 

They are built up in plants from carbon dioxide by the little 
imderstood process of iflioto-synthcsis (i.c. by the influence of light). 
Such carbohydrates are starch and fructose. The most important 
carbohydrates which are found in the animal body are gl}’Cogon and 
glucose. Glucose is derived from the breakdown of all the various 
carbohydrates in the food and from it are built up by the animal 
body glycogen and lactose. Carbohydrates are so-called because 
their molecule contains two atoms of hydrogen to one of oxygen, 
like water. As we have already noted, their carbon and h)'drogen 
are the chief fuels of the body. 

Chemically the sugars are related to the alcohols. 

A primary alcohol is one in which the hydroxyl group (OH) and 
two hydrogen atoms are attached to the same carbon atom ; it there- 
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fore contains the group — CHgOH. Thus the formula for common 
alcohol (ethyl alcohol) is GHg . GHgOH. 

The next alcohol of the same series (primary propyl alcohol) has 
the formula, GHg . GHg . GHgOH. 

If a primary alcohol is oxidised, the first oxidation product is 
called an aldehyde ; thus ethyl alcohol yields acetaldehyde : — 

2CH3.CH2OH + 02 = 2CH3.CHO + 2H2O. 

[Etliyl alcohol.] [Acetaldehyde.] 

The typical group — GHG of the aldehyde is not stable, hut is 
easily oxidisable to form the group — GOGH (carboxyl), and the 
compound so formed is an acid ; in this way acetaldehyde forms 
acetic acid. 

The majority of the simple sugars are oxidation products of more 
complex alcohols than this. Those with aldehyde groups are called 
aldoses. The readiness with which aldehydes are oxidisable renders 
them powerful reducing agents and readily recognisable. 

Use is made of this in the Fehling’s and Benedict’s tests for 
sugar in which a cupric salt is reduced to cuprous oxide. 

A secondary alcohol is one in which the hydroxyl group and 
only one hydrogen atom are attached to the same carbon atom ; thus 
secondary propyl alcohol has the formula GHg . GHOH . GHg. Its 
typical group is therefore = GHOH. When this is oxidised, thus : — 
2OH3 .-GHOH . GHg + 02 = 2OH3 . GO . GHg + 2H2O. The first 
oxidation product is acetone, which gives the name ketone to all 
substances similarly produced. The only important hetose, i.e. a 
sugar which is an oxidation product of a secondary alcohol, is 
fructose. It is to be noted that all keto-bodies contain the typical , 
keto-group : GO. They are, as wiU be seen in relation to metabolism, 
very important in the oxidation of amino acids and fatty acids. 

The alcohols of which we have already spoken, c.g. ethyl alcohol 
(see above) are called monohydric, because they contain only one 
OH group. The sugars of physiological interest are derived from 
three hexahydric alcohols which contain six OH groups as indicated 
below. These alcohols, sorbitol, mannitol, and dulcitol are isomerides. 

1 . ^ CH 2 OH CHO 

2. a. H-i-OH H— C-OH 

3. p. HO— C— H HO— C— H 

4. 7 . H— C— OH -> H— C-OH 

6 . 5. H— C— OH H— C— OH 

6 . CHoOH ' CHoOH 

[Sorbitol.] [Glucose.] 
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The reactions of glucose indicate that it has a ring structure 
and that two forms exist, a and ft. 


H— C— OH 

H-0-^ 

I 

HO-C— H o 

H— i— OH 

H-C"^ 

CHoOH 


HO-C— H 



H— C— OH 
1 

HO-C-H 



From a study of the reactions of ring compounds it is indicated 
that the formula should be more properly written thus : — 



It is possible to construct a model showing the exact position 
of the atoms in their diflerent planes. These facts probably , all 
have a bearing on the method by which glucose is broken down 
in the animal. 

Such sugars are known as monosaccharides. 

The next important group of sugars is the disaccharides, formed 
by the condensation of two monosaccharides, with the loss of one mole- 
cule of water ; — CgHjoGg + CgHj„Og = -f HoO. If more 

than two monosaccharide molecules undergo a corresponding conden- 
sation, wo get polysaccharides : — ytCgllioOe = (CeHioOs)^ + ^iHoO. 
If boiled with dilute acid the condensation is reversed and the 
compound sugars split up into their constituent monosaccharides. 

Sug^ars are known to chemists, in which the number of carbon atoms is 3. 4, 5, 
etc. Certain nucleic acids contain a pentose (5 carbon atoms). 
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The chief members of the three groups may be arranged in 
tabular form as follows : — 


1. Monosaccharides, 

2. Disaccharides, 

CiiHjiOn. 

3. Polysaccharides, 

(OsH,oOj)n 

+ Glucose. R. 

• - Fructose. R. 

+ Galactose. R, 

+ Sucrose. 

+ Lactose. R. 

+ Maltose. R. 

+ Starch. 

+ Glycogen. 

+ Dextrin. 

- Inulin. 

Cellulose. 


The E’s indicate the reducing sugars, that; is, those whose free 
CHO or CO groups reduce copper solutions. 

The + and — signs in the above list indicate that the substances 
to which they 'are prefixed are dextro- and Isevo-rotatory respectively 
as regards polarised light. The formulse given in the table are 
merely empirical; the quantity n in the starch group is large.. 

It is usual to classify the various sugars according to the 
number of carbon atoms they contain. Those which we have just 
described are hexoses (or 6-carbon sugars). Pentoses (5-carbon 
sugars) occur more rarely in the body, but trioses (3-carbon sugars) 
are more common as some are breakdown products of the oxidation 
of glycogen. As they are closely related to glycerol they are 
discussed later in relation to fats. 

Glucuronic acid is a hexuronic acid derived from glucose by 
the oxidation of the primary alcohol group to COOH. It is easily 
formed in the body apparently when there is a demand for the 
excretion of many poisonous substances used in therapeutics, e.g. 
salicylates, morphine, etc. The importance of the glucuTonates is 
that as they reduce Tehling’s- solution they may be mistaken for 
glucose in the urine. 


The Polarimeter. 

This instrument is one by means of which the action of various substances on 
the plane of polarised light can be observed and measured. Most of the carbo- 
hydrates are dextro-rotatory. The proteins are laevo-rotatory. , • 

There are many varieties of the instrument ; these can be properly studied only in 
the laboratory, but briefly the principles on which they are constructed may be ^ven. 

Suppose one is shooting arrows at a fence made up of narrow verbcal paUngs ; 
suppose also that the arrows are flat like the laths of a Venetian 
arrows are shot verticaUy they will pass easily through ^e gaps be^een the 
palings, but if they are shot horizontaUy they wiU be unable to pass through at 
all. This rough iUustration will help us in understandmg what 
light. Ordinary light is produced by the undulataons of the ether <^cumng in all 
directions at right Ingles to the path of .propagation of the wave. Polansed light 

is produced by undulations in one plane only. . 

^In a polarimeter, there is at one end of the instrument a Nicols prism, which 
is made of Iceland spar. This polarises the light which fj 't is 

called the polariser. At the other end of the instrument is another caUed the 
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analyser. Between the two is a tube which can be filled with fluid. If the analyser 
is parallel to the polariser the light \vili pass through to the eye of the observer. 
But if the analyser is at right angles to the polariser it is like the flat arrows hitting 
horizontally tlie vertical palings of the fence, and there is darkness. At inter- 
mediate angles there will be intermediate degrees of illumination. 

If the analyser and polariser are parallel and the intermediate tube filled with 
water, the light wll pass as usual, because water has- no action on the plane of 
polarised light. But if the water contains sugar or some “optically active” 
substance in solution, the plane is twisted in one direction or tlic other according as 
the substance is dextro- or laevo-rotatory and illumination is reduced. The amount 
of rotation is measured by tlie number of degrees through which the analyser has to 
be turned in order to obtain the full illumination. This will vary with the length 
of the tube and the strength of the solution. 

Glucose (Dextrose, or Grape Sugar). — This substance has been 
described as " the current carboliydrate coin of the body.” It is found 
in many fruits, lioney, and in minute quantities in all tissues and 
fluids of the body. It is the form of sugar which is found normally 
in the blood and in the disease diabetes mellitus in the urine. 
G-lucose exists in nature as such in onions, sweet corn, and unripe 
potatoes in the process of building up starch. It is present also 
in the juices of fruits and plants and is usually associated with 
fructose. 

Glucose is soluble in hot and cold water and in alcohol. It is 
crystalline, but not so sweet as cane-sugar. When heated with strong 
alkalis certain complex substances are formed which have a yellow 
or brown colour. Tliis constitutes Moore's test for sugar. In alkaline 
solutions glucose reduces salts of silver, bismuth, mercury, and copper. 

This latter reduction which, as we have said, is duo to the CHO 
group, is made use of extensively in testing for sugars. 

On warming a solution of glucose witli an alkaline solution of 
picric acid, a dark red opaque solution duo to the reduction of picric 
acid to picramic acid is produced. 

Another important property of glucose is that under the influence 
of yeasts it is converted into ethyl alcohol and carbonic acid. 

Glucose may be estimated by the fermentation test, by the 
polarimeter, and by the use of Fehling’s or similar solutions. (See 
Urine.) 

Fructose (or Lravulose). — ^^Vhen cane-sugar is treated with 
dilute mineral acids it undergoes a process known as hydrolysis — 
i.e. it takes up water and is converted into equal parts of glucose 
and fructose. The previously dextro-rotatory solution of cane-sugar 
then becomes Irevo-rotatory, the Irevo-rotatory power of the fructose 
being greater than the dextro-rotatory power of the glucose formed. 
Hence the term inversion applied to this hydrolysis. The same 
hydrolytic change is produced by certain enzymes, such as the 
invertase !of the intestinal juice and of yeast. Pure fructose can 
be crystallised with difficulty. It gives many of the reactions of 
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glucose, but may be identified by its Isevo-rotation, and certain 
chemical tests. 

Galactose is formed by the action of dilute mineral acids or of 
hydrolytic enzymes on lactose. It resembles glucose in its action 
on polarised light, in reducing cupric salts, and in being directly 
fermentable with some yeasts. When oxidised by means of nitric 
acid it yields an acid, mucic acid, which is only slightly soluble 
in water. G-lucose, when treated in this way, yields an isomeric 
acid — i. 6 . an acid with the same empirical formula, saccharic acid, 
which is very soluble in water. 

Cane-Sugar (or Sucrose) is generally distributed in the 
vegetable kingdom, but especially in the juices of the sugar cane, 
beetroot, mallow, and sugar maple. It is a substance of great 
importance as a food. It undergoes inversion in the alimentary 



Lactosazone. Glucosazone. Maltosazone. 

Fio. 128. 


canal. It is crystalline, and dextro-rotatory. With Trommer’s test 
it gives a blue solution, but it does not reduce copper solutions 
because in the union of its two constituent sugars, their aldehydic and 
ketonic groups are no longer functionally active. After hydrolysis 
the products are strongly reducing. Hydrolysis may be accomplished 
by boiling with dilute mineral acids, or by means of enzymes such 
as those occurring in the intestinal juice. It then takes up water, 
and is split into equimolecular proportions of glucose and fructose 
(Ci 2 H 220 ii -{- HgO = C6H12O6 4 - CgHiaOe). With yeast, cane-sugar is 
first inverted by means of a special enzyme invertase secreted by 
the yeast cells, and then there is an alcoholic fermentation of the 
monosaccharides so formed, which is accomplished by another enzyme 
called zymase. 

Lactose (or Milk Sugar) occurs in milk. It is occasionally 
found in the urine of women in the early days of lactation, or after 
weaning. It is crystallisable, dextro-rotatory, much less soluble in 
water than other sugars, and has only a slightly sweet taste. It 
gives reduction tests, but. when the reducing power is tested 
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quantitatively by Febling’s solution it is found to be a less 
powerful reducing agent than glucose, in the proportion of V to 10, 
When hydrolysed by agencies similar to those mentioned in connec- 
tion with sucrose, it takes up water and yields glucose and galactose. 
With yeast it is first hydrolysed, and then alcohol is formed; the 
change, however, occurs much more slowly than with other agents. 

The lactic acid fermentation which occurs when milk turns sour 
is brought about by certain micro-organisms, wliich are somewhat 
similar to yeast cells. Bacteria in the intestine bring about the 
same result. 

Maltose (or Malt Sugar) is so-called as it is the sugar produced 
by the action of malt diastase in the first stage of brewing. It 
is present in germinating cereals, and therefore in malt. It is the 
chief end-product of the action of malt diastase on starch, and is 
also formed as an intermediate product in the action of dilute acid 
on the same substance. It is the only sugar formed from starch by 
the diastatic enzymes contained in the saliva and pancreatic juice. 
It can be obtained in the form of acicular crystals, and is strongly 
dextro-rotatory. It gives reduction tests; but its reducing power, 
as measured by Felding’s solution, is one-third less than that of 
glucose. By prolonged boiling with water, or, more readily, by 
boiling with a dilute mineral acid, or by means of a hydrolytic 
enzyme such as occurs in the intestinal juice, it is converted into 
glucose. 

Reaction with Phenylhydrazine. — The three important 
reducing sugars with which wo have to deal in physiology are 
glucose, lactose, and maltose. They may be distinguished by their 
relative reducing powers on Folding’s solution, or by the characters 
of their osazones. The osazone is. formed in each case by adding 
phenylhydrazine hydrochloride and sodium acetate, and boiling 
the mixture for about half an hour. In each case the osazone is 
deposited in the form of bright canary-coloured, needle-like crystals, 
usually in bimches, which differ in their crystalline form, melting- 
point, and solubilities (fig. 123). The osazone of glucose is insoluble 
in hot water, but those of maltose and lactose are only deposited 
on cooling. Cane-sugar does not yield an osazone. 

Polysaccharides. — The work of Irvine of St Andrews has shown 
that the constitution of the polysaccharides is simpler than was 
formerly considered. Without entering into chemical details he has 
demonstrated that starch, glycogen, and cellulose have as their 
essential units a condensation product of one molecule of glucose • 
and one molecule of a disaccharide, c.g. maltose or cellobiose. The 
manner of linking is different in the three carbohydrates. Inulin 
(the polysaccharide of artichokes and dahlia txibers) is formed by 
condensation of fructose molecules. 
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Fia. 124.— Grains of potato 
starch. 


Starch is widely diffused through the vegetable kingdom. 
By far its most important sources are ripe cereals and potatoes, 
but it is present in many unripe fruits before it is converted 
into sugars and in many roots and tubers. It occurs in nature in the 
form of microscopic grains, varying in size and 
appearance, according to their source. Each 
consists of more or less concentric envelopes of 
starch proper or granulose alternating with layers 
of cellulose. Cellulose has no nutritive value 
in man, but starch is an important food. 

Starch forms an opalescent solution in boil- 
ing water, which if concentrated gelatinises on 
cooling. Its most characteristic reaction is the 
blue colour it gives with iodine.. On heating starch with mineral 
acids, glucose is formed. By the action of diastatic enzymes, maltose 
is the chief end-product. In both cases dextrins are also formed 
intermediately. 

Dextrins are the intermediate products in the hydrolysis of 
starch or glycogen to sugar, and two chief varieties are distinguished : 
erythro-dextrin, which gives a reddish-brown colour with iodine; 
and achroo-dextrin, which does not. 

The dextrins are readily soluble in water, but insoluble in 
alcohol and ether. They are amorphous, dextro-rotatory, and do 
not ferment directly with yeast. By hydrolysing agencies they 
are converted into glucose. 

Glycogen (or Animal Starch) is found in liver and muscle. 
It is also' abimdant in white blood corpuscles and embryonic tissues. 
The auriculo-ventricular bundle has relatively more than the rest of 


the heart. 

Grlycogen is rapidly broken down to glucose by glycogenase when 
a tissue such as liver is removed from the body. This is prevented 
by throwing it at once into boiling water to destroy the enzyme. 
When the tissue is ground up and extracted the extract after separation 
of the proteins is opalescent because of the glycogen it contains. 

Glycogen is the form in which carbohydrate is stored in the 
body. That in the liver is available for general use in the body, 
but that in the muscle is not so readily utilisable but combines 
with phosphoric acid and is converted in various stages to^ lactic 
acid and eventually to carbon dioxide and water. (See IJtilisation 
of Carbohydrates.) 

Glycogen is a white, tasteless non-crystalline powder, soluble m 
water, but it forms, like starch, an opalescent solution. It is insoluble 
in alcohol and ether. It is dextro-rotatory. _ With copper solutions 
it gives no reduction on boiling. With iodine it gives a reddish or 
port- wine colour, very similar to that given by erythro-dextrin. 
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Dextrin may be distinguished from glycogen by (1) the fact that 
it gives a clear, not an opalescent, solution with water; and (2) it is 
not precipitated by basic lead acetate as is glycogen. It is, however, 
precipitated by basic lead acetate and ammonia. (3) Glycogen is pre- 
cipitated by 55 per cent, of alcohol; the dextrin s require 85 per cent, 
or more. (4) Glycogen is precipitated by saturation with ammonium 
sulphate ; erythro-dextrin is only partially precipitable by tliis means. 

Cellulose. — Tliis is the material wliich with other carbohydrates 
(lignin, etc.) makes up the cell-waUs and woody fibres of plants. By 
treatment with strong mineral acids it is, like starch, converted 
into glucose, but with much greater difficulty. The various digestive 
enzymes have Little or no action on cellulose ; hence the necessity of 
boiling starch before it is taken as food. Boiling bursts the cellulose 
envelopes of the starch grains, and so allows the digestive juices to get 
at the starch proper. Cellulose is found in a few animals, as in the 
outer investment of the Tunicates. Its chief importance in relation 
to man is that it constitutes the indigestible bulk of the food which 
is important in regard to the movements of the alimentary canal. 

Inositol or Inosite occurs in muscle, also in smaller quantities 
in other animal organs (liver, kidney, etc.), and in plants it is a fairly 
constant constituent of roots and leaves, especially gi-owing leaves. 
It has the same empirical formula as the simple sugars (CgHjoGj), 
but it has none of the other properties of these substances. 

The Pats or Simple Lipides. 

Fat is found in small quantities in many animal tissues. It is 
found in large quantities in tln-eo situations, viz., marrow, adipose 
tissue, and mammary gland, especially during lactation. The contents 
of the fat cells of adipose tissue are fluid during life, the normal 
temperature of the body (37° C., or 99° F.) being considerably above 
the melting-point (25° C.) of the mixture of the fats found there. 
The plant world has, however, become an important source of fats 
for man from which margarines are partly made. Thus we have 
oil from the palm, soya bean, cotton seed, various nuts and from 
the olive. The latter is largely used in cooking in Italy. As we 
shall see later, the fats, in addition to being used as fuel, are an 
important vehicle for vitamins A, D, and B^. 

The chief fats are three in number, and arc called palmitin, 
stearin and olein. They differ from one another in chemical com- 
position and in certain physical characters, such as melting-point 
and solubility. Mixed triglycerides also occur. Olein melts at 
— 5° C., palmitin at 45° C., and stearin at 53-05° 0. It is thus olem 
which holds the other tw'o dissolved at body temperature. Pats are 
all soluble in hot alcohol, other, and cldoroform, but insoluble 
in water. 
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Chemical Constitution of the Fats. — Fats are esters of fatty 
acids with glycerol. The acids concerned form a series of acids 
derived from monohydric alcohols by oxidation. Thus, to take 
ordinary ethyl alcohol, GgHg. OH, the first stage in oxidation is the 
formation of acetaldehyde, GH3.CHO; on further oxidation acetic 
acid, GHg . GOOH, is produced. 

A similar acid can be obtained from all the other alcohols, thus : 


From methyl alcohol 
ethyl 
„ propyl 
,, butyl ,, 

,, amyl 
„ hexyl 


CH3.OH, formic acid 

CgHg.OH, acetic „ 

CjHpj.OH, propionic 

C4H9.OH, butyric „ 

CgHji.OH, valeric „ 

CgHjg.OH, caproic ,, 


H.COOH is obtained. 
CH 3 .COOH 
C2Hg.COOH 
CsH^.COOH' 
C 4 H 9 .COOH 

CgHij.COOH 


The sixteenth acid of this series, palmitic acid, has the formula 
GjgHgj^ . GOOH ; the eighteenth has the formula O17H35 . GOOH, and 
is stearic acid. Hote the small amount of oxygen relative . to 
the hydrogen and compare the carbohydrates. 

Oleic acid, however, is not a member of this series, but belongs 
to a somewhat similar series known as the acrylic aeries. It is the 
eighteenth member of the series, and its formula is GiyHss . GOOH. 


The first member of the group of alcohols from which this acrylic series of 
acids is obtained is called alM alcohol (CHg : CH . CH 2 OH) ; the corresponding 
aldehyde ac7-olein (CH 2 : CH . CHO) ; the formula for the acid (acrylic acid) is 
CHg : CH . CO OH. It will be noticed that two of the carbon atoms are united by 
a double bond, and these substances are therefore unsaturated ; they are unstable and 
are prone to undergo, by uniting with another element, a conversion into substances 
in which the carbon atoms are united by only one bond. This accounts for their 
reducing action, and it is owing to this that the colour reactions with osmic acid 
and Sudan III (red coloration) are due. Fat which contains any member of the 
acrylic series, such as oleic acid, blackens osmic acid (OSO 4 ), by reducing it to a 
lower (black) oxide, probably in hydrated form. The fats palmitin and stearin 
containing no double bond do not give these reactions. 


Glycerol or Glycerine is a tribydric alcohol, 03 H 5 ( 0 H )3 — i.e. three 
hydroxyl groups imited to a radical glyceryl (GgHg^). The hydrogen 
in the hydroxyl groups is replaceable by organic radicals. As an 
example, the radical of acetic acid the acetyl group (GHg . GO — ) may 
be taken. The following formulse represent the derivatives that can 
be obtained by replacing one, two, or all three hydroxyl hydrogen 
atoms in this way : 


CH2.OH CH2.OH 
CH.OH CH.OH 

(!h2.oh c1h2.o.oc.ch3 

[Glycerol.] [Monoacetin.] 


CHg. OH 

CH.0.0C.CH3 

CH2.0.0C.CH3 

[Diacetin.] 


CH2.O.OC.CH3 

in.o.oc.CHs 

iHo.O.OC.CHj 

[Triacetin.] 


Triacetin is a type of a neutral fat 5 stearin, palmitin, and olem 
ought more properly to be called tristearin, tripalmitin, and to iolein 
respectively. 
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When oxidised, glycerol gives rise to two important trioses 
(3-carbon sugars), glyceric aldehyde (an aldose) and dihydroxyacetone 
(a ketose). They are also related to other important substances 
as indicated by their formulae. 


CHoOH 

j 

CI-LOH 

1 

CILOH 

CH.OH 

1 

CHOH 

CHOH 

-O- 

II 

O 

CHOH 

1 

1 

CHoOH 

[Glycerol.] 

1 

CHO 

(Glyceric nldcliyile.] 
(Glycoroae.) 

CILOH 

(DiliyTlroxy- 

acctone.] 

COOH 

[Glyceric acid.] 

CH„ 

CH, 

1 

CH, 


1 

CHOH 

c! = 0 

i = 0 


1 

COOH 

[Lsetic acid.] 

1 

CHO 

(.Metliyl-BlyccroI.J 

1 

COOH 

(Pyrnrlc ncld.J 



Many of these substances are also breakdown products of 
glycogen. 

Decomposition Products of the Fats. — Under the influence 
of superheated steam, mineral acids, and in the body by means 
of certain enzymes (for instance, tlie fat-splitting enzyme hpase 
of the pancreatic juice), a fat combines with water and splits 
into glycerol and the fatty acid. Tlie following equation repre- 
sents what occurs in a fat, taking tripalniitin as an example: — 


CHo.O.OC.CjsHji 

CH.O.OC.CisHj, + 
1 

CHo.O.OC.CijHji 

[Tripalmltin.] 


CHj.OH 
3H.OH = in. OH 

in..' 


(WaU'r.l 


_ OH 

[Glycerol.] 


SCjjIhjCO.OH 


(Palmitic acid.] 


In the process of saponification much the same sort of reaction 
occurs, the final products being glycerol and a compound of the alkali 
used with the fatty acid ; this is called a soaj). Suppose, for instance, 
that potassium hydrate is used, the following reaction occiu-s : — 

+ 3KOH = C3H,(0H)3 + 3q3H3iCO.OK. 

[Tripalmltin— a ftit.] [Glycerol.] [I’otassium jalmitate — 

a soap.] 

The amount of KOH in milligrammes necessary to produce 
a soap from one gram of fat is known as the saponification value 
of a fat and gives the mean molecular weight of the fatty acids 
it contains. The higher the saponification value the more fatty 
acids of low molecular weight the fat contains. 

All natural fats contain some fatty acids which are unsaturated, 
and which, therefore, take up the halogens easily. The number 
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of milligraniities of iodine taken up by a gram of fat is known as 
its iodine value. This gives an idea of the reactivity, of the- fats 
and is of value in recognising an unknown fat. Butter has an 
iodine value of 26-50, while most vegetable oils have a value of over 
100, e.g. cotton-seed oil 144-168. Some of the unsaturated fats, e.g. 
olein, can be caused, under suitable conditions, to take up hydrogen 
which may make them more palatable. This process of hydrogen- 
ation is used in the making of margarine. 

Bats tend to become rancid if kept in a hot moist atmosphere. 
A partial hydrolysis occurs leading to the liberation of fatty acids, 
some of which, like the butyric of butter, may be volatile and smell. 

Oxidation of fats also occurs and is well seen in the tough skin 
which appears on oil paint. 

Bmulsiflcation. — Another change that fats undergo in the body 
is very different from saponification. It is a physical, not a chemical 
change ; the fat is broken up into very small globules such as are 
seen in the natural emulsion — milk. 

’ The Sterols. 

The sterols with other substances which, like the fats, are soluble 
in ether and alcohol, used to be included under the general term 
“ lipoid,” but this term has now been given up. 

They are found mixed with fat in the ether-alcohol extract of 
tissues and organs, but are n on-saponifiable. They are specially 
abundant in nervous tissues ; they can be separated by what is 
called selective extraction. 

The sterols are alcohols of a high molecular weight with a 
complicated ring structure. Thus : 


CHgCn 



The rings are composed of G, OH, oi\ CHg groups, but C„ is very 
variable. 

Amongst the sterols are now known to be not only cholesterol 
but ergosterol, the bile acids, vitamin D, and the sex hormones. 
Many carcinogens (i.e. substances which applied to, the skin produce 
a cancerous overgrowth of the epithelium) are also sterols. 
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Cholesterol is found in small quantities in all forms of 
protoplasm. It is a specially abundant constituent of nervous 

tissues. It is found in small quantities 
in the bile, but it may occur there in 
excess and form the concretions known 
as gall-stones. It occurs in egg yolk, 
liver, suprarenal, Icidney, and in animal 
fats generally. 

It is a monoliydric unsaturated 
alcohol with the empirical formula 
C 27 H 45 . OIL The alcohol belongs to 
the lerpene scries, which are found as 
excretory products of plant life. 

Cholesterol is now believed to be not 
merely a waste i)roduct of metabolism, 
but to exert an important protective 
influence on the body cells against the 
entrance of certain poisons. One of the poisons contained in cobra 
venom dissolves red blood-corpuscles; the presence of cholesterol 
in the envelope of the blood-corpuscles to some extent hinders tiiis 
action, and it has been stated that the administration of cholesterol 
increases the resistance of the animal provided the unsaturated 
linkage is intact.* 

An ester of cholesterol is lanolin or wool-fat. A similar 
substance is found in the fatty secretion (sebum) of human skin. 

From alcohol or ether containing water, cholesterol crystallises 
in the form of rhombic plates, whicli contain one molecule of water 
of crystallisation : these arc easily recognised under the microscope 
(fig. 125) and their edges turn red with sulphuric acid. 

Ergosterol. — This sterol derives its name from its having first 
been derived from ergot of rye. It is usually prepared from yeast. 
It has the same ring structure as cholesterol, but contains three 
double bonds and a methyl group. It has the extremely important 
property of being converted into vitamin D by ultra-violet light. 
It w'as first thought that the light acted upon the cholesterol of the. 
plants but the irradiation of pure cholesterol did not give the vitamin. 
Many years before, howmver, it had been found by Eosenheim w'hen 
studying the chemistry of nerve tissues with Halliburton that ergo- 
sterol was a common impurity in cholesterol and this was shown to 
be activated. This transformation may bo brought about in food- 
stuffs whose vitamin has been destroyed by heat, and it is believed 
that the ergosterol of the skin is normally activated in this w’ay and 
passes into the circulation, ^Yhero it plays an important part in the 

" The blood cholesterol is increased by giving uracil to counteract ovcraclion of 
the thyroid. 
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absorption of calcium from the intestine and its deposition in the 
bones (see vitamin D). 

Calciferol, or pure vitamin D, has now been, syntliesised and 
shown to be an isomer of ergosterol. 

The Lipins or Compound Lipides. 

These are substances having the general composition and 
properties of fat, but containing in addition phosphoric acid and 
choline or occasionally amino-ethyl alcohol. Much the most 
important of these are the Lecitliins, which are now considered to be 
possibly a stage in the metabohsm of fat. They are found in all 
animal and vegetable cells, are' intimately associated with life pro- 
cesses, and probably have an important function in the membranes 
of cells. The endothelium lining blood-vessels and the envelopes of 
blood corpuscles are especially rich in lecithins. Liver and blood 
contain about 2 per cent, but egg yolk about 10 per cent. A lecithin 
has the appearance of a soft fat, soluble in the usual fat solvents but 
is precipitated by acetone. They make slimy colloidal emulsions 
in water in which they can be spread in a monomoleeular film. , 

The fatty acid radicals are united to glyeerol as in an ordinary 
fat, the place of the third fatty acid being taken by the radical of 
the polybasic phosphoric acid, which in its turn is united in an ester- 
like manner to the choline. Because they contain phosphorus they 
have also been called phospha tides. Lecithins from different sources 
yield, when hydrolysed, varying proportions of fatty acids. 

In general structure a lecithin looks like a simple fat plus chohne. 
Thus egg-yolk lecithin is : — 

^stearic acid 
Glycerol;^ — oleic acid 

'\phosphoric acid 

\ 

choline 

The enzyme lipase liberates the aliphatic acids and another, 
phosphatase, the phosphoric acid. In some {e.g. liver) lecithins, 
palmitic acid replaces . those given. Choline has considerable 
physiological activity, but still more has its derivative a'cetyl-eholine, 
which is liberated at nerve-endings. It has already been referred to 
in relation to the humoral transmission of nerve impulses,^ and 
its detailed action is given in a separate section (see Acetyl-choline). 

Other pJiospJiatides are kephalin and sphingomyelin and the galactoside, 
protagon, whicn are abundant in nerve tissues and which^ differ MighUy irom 
lecithin. Closely associated are the cerebrosides of the myelin sheaths of nerves. 
Kephalin is thought to be important in blood-clotting. 
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Osmic Acid Reaction. — In virtue of tlieir unsaturated fatty acid radicals most 
fats are blackened readily by tliis reagent, but the galactosides and cholesterol .are 
not. The reaction to this reagent of healthy and degenerated ncrvc-fibres has 
already been described. 


THE PROTEINS. 

The proteins are the most important substances wliich occur 
in animal and vegetable organisms, and protein metahoUsm is, as 
already noted, the most characteristic sign of life. They are liighly 
complex compounds of carbon, liydrogen, oxygen, nitrogen, and 
sulphur,*' with at times phosphorus, occurring in a viscous condition 
or in pseudo-solution in nearly all parts of the body. 

The proteins in the food form the source of the proteins in the 
body tissues, but the latter are usually difibrent in composition from 
the former. The food proteins in the process of digestion are broken 
down into simpler substances, the amino-acids, and it is from these 
that the body cells .reconstruct the proteins peculiar to themselves. 


CLAS.SIFICATION OF PbOTEINS. 


The knowledge of the chemistry of the proteins, which is slowly 
progressing, will, no doubt, in time enable us to give a classification 
of these substances on a strictly chemical basis. The follo^\'ing 
classification must bo regarded as a provisional one, which, wliile it 
retains the old familiar names as far as possible, yet attempts also 
to incorporate some of the now ideas. 

The classes of animal proteims, then, beginning w’ith the simplest, 
are as follow’s : — 


1. Protamines. 

2. Histones. 

3- Albumins. 

4, Globulins. 

5. Sclero-proteins. 


G. Phospho-proteins. 

7. Conjugated proteins. 

i. Chromo-proteins. 

ii. Gluco-protoins. 

iii. Hucleo-proteins. 


There are in addition two important groups of simple proteins 
in plants, Gliadins and Glutonins. 


1. The Protamines, 

These substances are obtainable from the heads of the spermatozoa 
of certain fishes, w'here they occur in combination with nuclein. 
Kossel’s view that they are the simplest proteins in nature has met 
with general acceptance, and they give such typical protein reactions 
as the biuret (Pose’s or Piotrow’ski’s) reaction. On hydrolytic 
decomposition they first yield substances of smaller molecular weight 

* The simplest proteins, tlie prolamines, nre, however, free from sulphur. 
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analogous to the -peptones which are called protones, and then they 
split up into amino-acids. The number of resulting amino-acids is 
small as compared with other proteins, hence the h}^othesis that 
they are_ simple proteins is confirmed. ITotahle among their 
decomposition products are the diamino-acids or hexone bases, 
especially arginine. The protamines differ in their composition 
according to their source, and yield these products in different 
proportions. Protamines do not contain sulphur. 

2. The Histones. 

These are substances which have been separated from blood- 
corpuscles ; globin, the protein constituent of haemoglobin, is a well- 
marked instance. They yield a larger number of amino-compounds 
than do the protamines, but diamino-acids are still relatively 
abundant. They are coagulable by heat, soluble in dilute acids, and 
precipitable from such solutions by ammonia. The precipitability 
by ammonia is a property possessed by no other protein group. 

3. The Albumins. 

These are typical proteins, and yield the majority of the cleavage 
products enumerated later. 

They enter info colloidal solution in water, in dilute sahne solu- 
tions, and in saturated solutions of sodium chloride and magnesium 
.sulphate. They are, however, .precipitated by saturating their 
solutions with ammonium sulphate. Their solutions are coagulated 
by heat, usually at 70-73° C. Serum albumin, egg albumin, and 
. lact-albumin are instances. 

4. The Globulins. 

The globulins give the same general tests as the albumins ; they 
are coagulated by heat, but differ from the albumins mainly in their 
solubihties. 

Grlobulins are more readily salted out than albumins ; they 
may therefore be precipitated', and thus separated from the alburnins 
by saturation with such salts as sodium chloride, or better magnesium 
sulphate, or by half saturation with ammonium sulphate. 

' The typical globulins are also insoluble in water, and so may be 
precipitated by removing the salt which keeps them in solution. 
This may be accomplished by dialysis. Their temperature of heat- 
coagulation varies considerably. The following are the commoner 
globulins : — fibrinogen and serum globuhn in blood, egg globuun 
in white of egg, paramyosinogen in muscle, and crystallin in the 
crystalline lens. We must also include under the same heading 
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certain proteins which are the result of coagulation of globulins 
such as fibrin (see Blood) and myosin (see Muscle). 

The most striking distinction between globulins and albumins 
is that the former on hydrolysis yield glycine, whereas the albumins 
have only a trace. 


6. The Sclero-proteins. 

These substances form a heterogeneous group of substances 
which were formerly termed albuminoids. The prefix sclero- indicates 
the skeletal origin and often insoluble nature of the members of the 
group. The principal proteins of this class are : — 

Collagen, the substance of which the white fibres of connective 
tissue are composed. Some observers regard it as the anhydride of 
gelatin. In bone it is often called ossein. 

Gelatin. — Tliis substance is produced by boiling collagen with 
water. It possesses the peculiar property of setting into a jelly when 
a solution made with hot water cools. Gelatin differs from a protein 
in not having the amino-acids, tryptophane, tyrosine, and_ cystine. 

Elastin. — This is the substance of which the yellow or elastic 
fibres of connective tissue arc composed. It is a very insoluble 
material. The sarcolomma of muscle-fibres and certain basement 
membranes are very similar. 

Keratin, or horny material, is the substance found in the surface 
layers of the epidermis, in hairs, nails, hoofs, and horns. It is very 
insoluble, and chiefly differs from most other proteins in its high 
percentage' of sulphur. A similar substance, called neurokeratin, is 
found in neuroglia and nerve-fibres. In this connection it is interest- 
ing to note that the epidermis and the nervous system are both 
formed from the same layer of the embryo — the ectoderm. 


6. The Phospho-proteins. 

Vitellin (from egg-yolk), casoinogen, the principal protein of 
milk, and casein, the result of the action of the rennet-enzyme 
on casoinogen (see Milk), are the chief members of this group. 
Among their decomposition products is a considerable quantity of 
phosphoric acid. They have been frequently confused with the 
nucleo-proteins, but they do not yield the products (purine and 
other bases) which are characteristic of nucleo-compounds. The 
phosphorus is contained within the protein molecule, and not in 
another molecular group united to the protein, as is the case in the 
nucleo-proteuis. The phospho-proteins are specially valuable for the 
growth of young and embryonic animals. Many other proteins, such 
as serum-globulin, contain traces of phosphorus. 
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7. The Conjugated Proteins, 

These are compounds in which the protein molecule is imited ‘to 
other organic materials, which are as a rule also of complex nature. 
This second constituent of the compound is usually termed a 
prosthetic group. They may be divided into the following sub- 
classes : — 

i. Chromo-proteins.- — These are compounds of protein with a 
pigment, which usually contains iron. They are exemplified by 
heemoglobin and its allies, wliich will be fully considered under Blood. 

ii. Gluco-proteins. — These are compounds of protein with a 
carbohydrate group. This class includes the mucins and the mucoids. 

The mucins are widely distributed and may occur in epithelial 
cells, or be secreted by goblet cells of glands or on epithelial surfaces. 
The mucins obtained from different sources are alike in being viscid 
and tenacious, soluble in dilute alkalis such as lime-water, and 
precipitable from solution by acetic acid. 

The mucoids differ from the mucms in minor details. The term 
is applied to the mucin-hke substances which form the chief con- 
stituent of the ground substance of connective tissues (tendo-mucoid, 
chondro-mucoid, etc.). Another (ovo-mucoid) is found in white of 
egg, and others (pseudo-mucin and para-mucin) are occasionally found 
in dropsical effusions, and in the fluid of ovarian cysts, 

iii. Nucleo-proteins. — These are compounds of protein with a 
complex organic acid called nucleic acid, which contains phosphorus. 
They are found in both the nuclei and cytoplasm of cells. In 
physical character they often simulate mucin. 

Nuclein is the name given to the chief constituent of cell-nuclei. 
It is identical with the chromatin of histologists. 

On decomposition it yields an organic acid called nucleic acid, 
together with a variable but usually small amoimt of protein. It 
contains a high percentage (10-11) of phosphorus. 

The nuclein obtained from the nuclei or heads of the spermatozoa 
consists of nucleic acid without, any protein admixture, but ^ there 
are differences in different animals in the chemical composition of 
their spermatozoa. 

The nucleo-proteins of cell protoplasm are compounds of nucleic 
acid with a much larger quantity of protein, so that they usually 
contain o nl y 1 per cent, or less of phosphorus. Some also contain 
iron, and the normal supply of iron to the body is contained in 
the nucleo-proteins or ' hcematogens (Bunge) of plant or animal 
cells. _ . 

■ Nucleic acid yields, among its decomposition products, phosphoric 
acid, various bases of the purine and pyrimidine groups, and a 
carbohydrate radical. 
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The uucleic acids obtained from various mammalian organs 
indicate that they fall into two main classes : — 

(1) J^uclcic acid proper. — Tliis yields on decomposition — 

(a) Phosphoric acid. (5) A sugar. 

(c) Two members of the purine group in the same proportion, 
namely, adenine and guanine. 

(fZ) Two pyrimidine bases, cytosine and thymine (yeast 
nucleic acid yields uracil). 

The purine lascs are specially interesting because of their close 
relationship to uric acid, and we shall have to deal with them again 
in our description of that substance. 

(2) Guanylic and adenylic acid. — ^These acids are found mixed 
with the nucleic acid proper. They arc mononucleolides consisting 
of guanine, ribose, and pho.sphoric acid and adenine, ribose, and 
phosphoric acid respectively. Pibosc is a pentose. 

The Properties of Proteins. 

Solubilities. — The proteins are insoluble * in alcohol and 
ether. Some are soluble in water (see Colloidal Solution)] others 
are insoluble. ]\Iany of the latter are soluble in weak saline 
solutions. Some are insoluble, others soluble in concentrated 
saline solutions. 

Heat Coagulation. — !Most native proteins, such as wliite of egg, 
are rendered insoluble when their solutions are heated. The tempera- 
ture of heat coagulation didbrs in diHerent proteins ; thus myosinogen 
and fibrinogen coagulate at 50° C., serum albumin and serum globulin 
at about 75° C. The proteins which are coagulated by heat come 
mainly under two classes : the alhanins and the glohdins. These 
differ in solubility ; the albumins are soluble in distilled water, the 
true globulins require salts to hold them in solution. 

Indiffusibility. — The proteins (peptones excepted) belong to the 
class of substances called colloids by Thomas Graham ; that is, they 
pass with difficulty, or not at all, through animal membranes. 
In the construction of dialysers, vegetable parchment is largely 
used. Proteins may thus bo sopai'ated from diffusible (crystalloid) 
substances such as salts, but the process is a tedious one. 

This is a particularly important property, since by attracting 
water they localise fluids in special parts of the body, c.y. the 
blood-vessels. 

Crystallisation, — Ha3moglobin, the red pigment of the blood, 
is a protein and is crystallisablo (for further details, see The Blood). 
Like other proteins it has a largo molecule; though crystalline, 
* The gliaclins arc exceptions in being soluble. 
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it is not crystalloid in Graham’s sense of that term. Further, 
egg albumin and some other proteins have been crystallised by 
treatment with inorganic salts. 

Action on Polarised Light.— Most proteins are leevo-rotatory, 
the amount of rotation varying with individual proteins. Several 
of the conjugated proteins, e.g. hsemoglobin and nucleo-proteins, are 
dextro-rotatory, though their protein components are Isevo-rotatory 
(Gamgee). 

Colour Keactions. — The principal colour reactions by which 
proteins are recognised are the following: — 

(1) The Xaniho-’proteiG reaction. If nitric acid is added to a 
solution of a protein such as white of egg, the result is a white 
precipitate j this and the surrounding liquid become yellow on 
heating and are turned orange by ammonia. The preliminary 
white precipitate is not given % certain proteins such as peptones ; 
but the colours are the same. The colour is due to the formation 
of nitro-derivatives of the aromatic radical of the protein molecule, 
i.e. tyrosine, tryptophane, and phenylalanine. 

(2) Millon's reaction. Millon’s reagent is a mixture of mercuric 
and mercurous nitrate with excess of nitric acid. This gives a 
white precipitate which is turned brick-red on boiling. This reaction 
depends on the presence of the tyrosine radical and therefore is not 
given by gelatin. 

(3) Biuret reaction (Bose's or Piotroioslci’s). A trace of copper 
sulphate and excess of strong caustic potash give with most proteins 
a violet solution. Proteoses and peptones, however, give a rose-red 
colour instead; this same colour is given by the substance called 
liuret. This name does not imply that biuret is present in protein, 
but is used because both protein! and biuret give the reaction. The 
native proteins give a violet colour, because the red tint of the 
copper compound with the biuret group is mixed with another 
copper compound with a blue colour. The tfest is given by poly- 
peptides but not by dipeptides or amino-acids. It depends, therefore, 
on the presence of two NH.OO groups linked to a carbon on to a 
nitrogen atom. 


p Biuret is formed by heating solid urea ; ammonia passes off and leaves biuret, 
thus — 


2CON2H4 = C2O2N3H5 + NH3. 
[Urea.] [Biuret.] [Ammonia.] 


(4) Adamlciewicz reaction. When a solution of protein is mixe 
with a dilute solution of glyoxylic acid, and then excess of commeTCial 
sulphuric acid is added, an intense violet colour is obtanmd. ims 
is due to the tryptophan radical. A similar test is that of Bosenhenn 
in which dilute formaldehyde replaces the glyoxylic acid. 
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Precipitants of Proteins. — Solutions of most proteins are 
precipitated by: — 

Strong acids such as nitric acid; picric acid; acetic acid and 
potassium ferrocyanide ; acetic acid and excess of a neutral 
salt such as sodiuih sulphate, when these are boiled with the 
protein solution ; salts of the heavy metals such as copper 
sulphate, mercuric chloride, lead acetate, silver nitrate, etc. ; 
tannin; alcohol; saturation with certain neutral salts such as 
ammonium sulphate. « 

It is necessary that the words coagulation and precipitation 
should in connection with proteins be carefully distinguished. The 
term coagulation is used when an insoluble protein (coagu- 
lated protein) is formed from a soluble one. This may occur: 
(1) When a protein is heated — heat coagulation; (2) under the 
influence of an enzyme; for instance, when a curd is formed in 
milk by rennet or a clot in shed blood by the fibrin ferment — enzyme 
coagulation ; (3) under the influence of strong acids. 

In precipitation the precipitate formed is readily soluble in 
suitable reagents such as saline solutions, and the protein continues 
to show its typical reactions. This is called “ salting out.” * The 
difference between globulins and albumins in this respect is discussed 
further on p. 320. 

The precipitate produced by alcohol is peculiar in that after a 
time it becomes a coagulum. Protein freshly precipitated by 
alcohol is readily soluble in water or saline media ; but after it has 
been allowed to stand some time under alcohol it becomes more and 
more insoluble. Such a change in the nature of the protein is 
called denaturation. Albumins and globulins are most readily 
rendered insoluble by this method ; proteoses and peptones are never 
rendered insoluble by the action of alcohol. This fact is of value 
in the separation of these proteins from others. It is suggested that 
denaturation is really due to a deformation of the protein molecule 
from a complicated form (see p. 289) to a straight chain, since the 
spreading of the protein on a very thin film causes this change. The 
change in egg-white when it is beaten up with air may bo of this 
nature. 


Protein-hydrolyBis. 

When protein material is subjected to hydrolysis, as it is when 
heated with mineral acid, or alkalis, or superheated steam, or to the 
action of such enzymes as trypsin in the alimentary canal, it is 
finally resolved into the numerous amino-acids of which it is 
built. But before this ultimate stage is reached, it is split into 

* Otlier colloids (starch, glycogen, soaps, etc.) can be similarly “salted out" 
of solution. 
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substances of progressively diminishing molecular size, which stiU 
retain many of the protein characters. The products may he classified 
in order of formation as follows : — 

1. Meta-proteins. 

2. Proteoses. 

3. Peptones. 

4. Polypeptides. 

5. Amino-acids. 

The pol}^eptides are liukages of more than three amino-acids, as 
already explained. Although most of the polypeptides at present 
known are products of laboratory synthesis, many have been 
definitely separated from the digestion products of proteins. 

Products of Partial Hydrolysis. 

1. Acid and Alkali Metaprotein. — These are insoluble in pure 
water, but are soluble in either acid or alkali, and are precipitated 
by neutralisation unless certain disturbing influences like sodium 
phosphate are present. They are precipitated like globulins by 
saturation with such neutral salts as sodium chloride or magnesium 
sulphate. They are not coagulated by heat if in solution. 

2. Proteoses. — The word “proteose” includes the albumoses 
(from albumin), globuloses (from globulin), vitelloses (from vitellin), 
etc. Similar substances are also formed from gelatin (gelatinoses) 
and elastin (elastoses). They are not coagulated by heat; they are 
precipitated but not coagulated by alcohol : hke peptone, they give 
the pink biuret reaction. They are precipitated by nitric- acid, the 
precipitate ieing soluble on heating, and reappearing when the liquid 
cools. This last is a distinctive property of proteoses. They are 
slightly diffusible. 

The primary proteoses, which are those formed first, are pre- 
cipitated by saturation with magnesium sulphate or sodium chloride. 
Secondary proteose is not; it is, however, precipitated by saturation 
with ammonium sulphate. 

3. Peptones. — These are soluble in water, are not coagulated 
by heat, and are not precipitated by nitric acid, copper sulphate, 
ammonium sulphate, and a number of other precipitants of proteins. 
They are precipitated but not coagulated by alcohol. ^ They are also 
precipitated by tannin, picric acid, potassio-mercuric iodide, phospho- 
molybdic acid, and phospho-tungstic acid. 

They give the biuret reaction (rose-red solution with a trace of 
copper sulphate and caustic potash or soda). 

Peptone is readily difiFusible through animal membranes. ^ 

The table on p. 284 will give us at a glance the chief characters of 
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peptones and proteoses in contrast vritli those of the native proteins 
albumins, and globulins. 


Variety 

of 

protein. 

Action 

of 

beat. 

Action 

of 

alcohol. 

Action 

of 

nitric acid. 

Action of 
ammonium 
sulphate. 

Action of 
copper 
sulphate 
and caustic 
potash. 

Diffusi- 

bility. 

Albumin 

Coagulated 

Precipitated, 
tlion coagu- 
lated 

Precipitated 
in the cold; 
not readily 
Boluble on 
bc.atlng 

Precipitated 
by complete 
s.aturation 

Violet 

colour 

(biuret 

reaction) 

Nil 

Globulin 

Ditto 

Ditto 

Ditto 

Prcclpit-ated 
by half satu- 
ration; also 
precipitated 
by MgSO, 

Ditto 

Ditto 

Proteoses 

Not 

coagulated 

I’reclpltatcd, 
but not CQ. 
agulated 

Precipitated 
in the cold ; 
readily sol- 
u b 1 e on 
heating; tlie 
precipitate 
reappears on 
cooling* 

Precipitated 
by satura- 
tion 

Rose-red 

colour 

(biuret 

reaction) 

Slight 

Peptone.s 

Not 

coagulated 

Precipitated, 
but not CO. 
agulated 

Not precipi- 
tated 

Not precipi- 
tated 

Rose-red 

colour 

(biuret 

reaction) 

Great 


• With (Icutoro.albumose this re.ictlon only occnra in tlic pri'icnce of excess of salt. 


The Amino-Acids. 


What wo have already learnt about tlio fatty acids will help 
us in understanding what is meant bv an amino-acid. Wo shall 
find it advantageous to distinguish the carbon atoms in the fatty 
acids. 

1. If wo take acetic acid, one of the simplest of the fatty acids, 
its formula is CI'l3.C00II. If one of the tbrco hydrogen atoms 
in the methyl group is replaced by NIL, we got a substance which 
has the formula CI-L(NHo)COOII. The group NH^ is called the 
a7?i'i7io-group, and the new substance now formed is called amino- 
acetic acid ; it is also termed glycine or glycocoll. -In this example 
there is only one position which tho amino-group can occupy. Thus 
there can only be one amino-acetic acid, but in other cases there are 
more possibilities, and their carbon atoms are termed a, /3, y, etc. 
In propionic acid there are two possibilities ; it has the formula — 


H H 

I > y 

H-C-C-C/ 
P a 


OH 

O 


H H 
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We thus can get either CHg . NHg . CHg . COOH (/S-amino-propionic 
acid) or OHg. CH.NHg. COOH (the a acid); a-amino-propionic acid 
is called alanine. ^ Going higher in the scale, the more numerous 
become the possibilities, but the a-amino-acids only are found 
in natui’e. From / 3 -hydroxy-propionic acid, we get the amino- 
derivative called serine ; from valeric acid (C^Hg . COOH), valine 
(G4lSr8(lSrH2)COOH) is obtained; and from caproic acid (CgHu . COOH) . 
we get leucine (G5Hio(HH2)COOH), or more accurately a-amino- 
isobutyl-acetic acid (GH3)2CH . GHg . CH(HH2)COOH. Its crystalline 
form is shown on the left-hand side of fig. 126 . 



All the five ammo-acids'.(gly(’'Uie> alanine, serine, valine, and leucine) 
are found among the final hydrolytic products of most proteins. 

2 . A second group of amino-acids is obtained from fatty acids, 
which contain two carboxyl (COOH) groups in their molecules. 
The most important of the amino-derivatives obtained from these 
dicarboxylic acids are : amino-succinamic acid (asparagine *) ; amino- 
succinic acid (aspartic acid) ; amino-glutaric acid (glutamic acid). 

3 . The third group of amino-acids is a very important one ; the 
aromatic amino-acids; that is, amino-acids containing the benzene 
ring. The most important are : — 

( 1 ) Phenyl-alanine is alanine or a-amino-propionic acid m 
which an atom of hydrogen is replaced by a phenyl group propionic 
acid has the formula CgHg . COOH ; alanine (a-amino-propionic acid) 
is 02H,(NH2)C00H; phenyl-alanine is OgHg . C2H3(HH2)COOH, or 
graphically written — ; 

CH„.CH{NH2)C00H 

\/ 


* An amide of aspartic acid. 
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( 2 ) Tyrosine is a little more complicated; it is . para-hydroxy- 
phenyl alanine ; that is, grapliically written — 


OH 



CH.. CH(NH.)COOH 


Tyrosine crystallises in collections of very fine needles (see fig. 126 ). 

Tyi-osine is of special importance as it is apparently used by the 
thyroid gland to form thyroxine and by the adrenal gland to fonn 
adrenaline. It also forms tyramine which has an action somewhat 
like adrenaline on the blood-vessels and is present in ripe cheese and 
putrefying tissues. Wiien oxidised through tlie agency of the enz}Tne 
tyrosinase (see Eaper) it forms tlie black pigment melanin which is 
so common in nature. 

( 3 ) Tryptophan is more complex still — 


CH 


hc^\'5 — 

CH |NH 


C.CIL.CH.NIL.COOH 

CH 


it is indole amino-propionic acid: that is, amino-propionic acid 
united to a ringed derivative called indole. Tryptophan is the 
portion of the protein molecule which is the parent substance of 
two evil-smelling ^ products of protein decomposition called indole 
and skatole or methyl indole. Indole is a combination of the 
benzene and p^wrol rings. Tryptophan is responsible for the 
Adamkiewicz reaction and gives a rod colour with bromine water. 

In this and in all the preceding cases, there is only one 
replacement of an atom of hydrogen by the amino group (E'Ho); 
hence they may bo all classed together as mono-amino-adds. 

Passing to the next stage in complexity, wo come to another group 
of amino-acids which are called rffn^anm-acids ; that is, fatty acids in 
wliich two hydrogen atoms ai-e replaced by NH„ groups. Of these we 
may mention lysine, ornitliine, arginine, and histidine. 

Lyeine is diamino-caproic acid. Caproic acid is CgHn . COOH. 
Mono-amino-caproic acid or leucine, we have already learnt, is 
C5 H^o(NHo)COOH. Lysine or diamino-caproic acid is CgHg. 
(NHoJo.COOH. 

Ornithine is diamino- valeric acid, and the following formulce 
w'ill show its relationship to its parent fatty acid — 

C4II0COOH is valeric acid. 

C4H7(]Sril2)nCOOH is diaraino-valeric acid or ornitliine. 

* The smell is probably clue to skatole, pure indole having a pleasant smell. 
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Arginine is a somewhat more complex substance, which contains 
the ornithine radical. It belongs to the same group of substances 
as creatine, which is methyl-guanidine acetic acid, and has the 
formula — 


HN^ : 

yc i -N(CH3)CH„. COOH 

HaN/ ; 

[Creatine.] 


H,N\ 

>C = 0 
HaN/ 

[Urea.] 


NH(CH3)CH2. COOH 

[Sarcosine or methyl-glycine.] 


On boilmg it with baryta water, it takes up water and spUts at the 
dotted line into urea and sarcosine, as shown above. 

Arginine splits in a similar way, urea being split off on the left, 
and ornithine instead of sarcosine on the right. Arginine is, there- 
fore, a compound of ornithine with a urea group. 

Histidine, though not strictly speaking a diamino-acid, is a 
diazine derivative (imidazole-amino-propionic acid), and so may 
be included in the same group. Histidme is of great importance 
as it readily'; loses 00^ on decomposition and gives rise to the toxic 
substance histamine, which is very readily produced in damaged 
tissues (see special section). 

. These substances we have spoken of as acids, but they may also 
play the part of bases, for the introduction of a second amino-group 
into the fatty acid molecules confers upon them basic properties. 
The three substances: lysine, arginioe, 

histidine, CeHghTaOg are in fact often called the hexone bases, because 
each of them contains 6 atoms of carbon, as the above empirical 
formulae show. 

Cystine, cysteine, and methionine are amino-acids in which 
sulphur is present, and in which the greater part of ^the sulphur of 
the protein molecule' is contained. 

In addition to all these numerous amino-acids there are other 
cleavage products, of which it will be sufficient to mention proUne. 
In the nucleo-proteins the nuclein component yields in addition 
what are known as purine and pyrimidine bases. (See further 
under Nucleic Acid, also under Uric Acid.) 


The Constitution of Proteins. 

The above list now represents the principal groups of chemical 
nuclei united together in the protein molecule, and its length makes 
one realise the complicated nature of that molecule and the difficulties 
which beset its investigation. We may put the problem another 
way. In the simple sugars, with six atoms of carbon, there are as 
many as twenty-four different ways in which the atomic groups 
be linked up ; the formulae on p. 263 give only four of these which 
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represent the structure of glucose, fructose, mannitol, and sorbitol ; 
but the majority of the remainder have also been prepared by 
chemists. The molecule of albumin has at least 700 carbon atoms, 
so the possible combinations and permutations must be reckoned by 
millions. 

Much work is being done on the various known proteins, 
taking them to pieces and identifying and estimating the fragments 
and improving the methods of estimation. The following table 
presents the results obtained with some of the cleavage products of 
a few proteins. The numbers given are percentages. 



Scrum albumin. 

1 

'rt 

t£ 

5 

s 

E 

o 

Ct 

til 

w 

o 

cci 

C- 

t£ C 

O ^ 
a Vi 

O t 

? o 
d ^ 

Gelatin. 

Keratin, from 
liorso Imir. 

Kilestin, a globulin 
from cotton seed. 

9 

"S 

s 

B 

o 

B 

*© 

5 

o 

1*? 

5 

Glycine . 
Leucine . 
Glutamic acid . 
Tyrosine • 
Arginine . 
Tryptophan 

Cystine . 

0 

20-0 

7-7 

2T 

4-9 

+ 

2-5 

0 

6-1 

8-0 

l-I 

5-4 

0-3 

H 

0 

10-5 

21 '8 
4’o 
3-8 
1-5 

O-OG 

25-5 

7-1 

5-8 

0 

7-C 

0 

...{ 

4-7 

7T 

3-7 

3-2 

More 
than 10 

m 

0 

18-6 

26-2 

3-5 

1-2 

0 

• •• 

0-02 

5-6 

43-7 

1-2 

3-2 

1-0 

0-4 


Such numbers, of course, are not to bo committed to memory, but 
they are sufficient to convoy to the reader the difibrences between 
the proteins. There are several blanks left, on account of no accurate 
estimations having yet been made. Where the sign + occurs, the 
substance in question has been proved to bo present, but not yet 
determined quantitatively. Among the more striking points brought 
out are : — 

1. The small amount of glycine in albumins. 

2. The high percentage of glycine in gelatin. 

3. The absence of tyrosine, cystine and tryptophan in gelatin. 

4. The liigh percentage of the sulphur-containing substance 
(cystine) in keratin. 

5 The high percentage of glutamic acid in vegetable proteins. 

Fischer discovered the way in which the amino-acids are 
linked together into groups. The groups are termed peptides or 
polypeptides; many of those have been made s}Tithetically in the 
laboratory, and so the synthesis of the protein molecule is 
foreshadowed. 
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W^G may take as our examples of the peptides some of the simplest, 
and may write the formula of a few amino-acids as follows : 

NH2 . CHg . COOH Glycine,'! 

NHg . C2H4 . COOH Alanine, Ur in general terms, HNH . R . COOH. 
NHj . CgHjQ . COOH Leucine,] 

Two amino-acids are linked together as shown in the following 
formula — 


HNH . R . CO 



NH . R . COOH 


What happens is that the hydroxyl (OH) of the carboxyl (COOH) 
group of one acid unites with one atom of the hydrogen of the other 
amino (HNH) group, and water is thus formed, as shown within the 
dotted lines : this is eliminated and the rest of the chain closes up. ' 
In this/ way we get a dijpeptide. Thus glycyhglycine, glycyl- 
leucine, leucyl-alanine, alanyl-leucine, and numerous other combuaa- 
tions are obtained. If the same operation is repeated we obtain 
tripeptides (leucyl-glycyl-alanine, alanyl-leucyl-tyrosine, etc.); then 
come the tetrapeptides, and so on. In the end, by coupling the chains 
sufficiently often and in appropriate order, Tischer has already 
obtained substances which give some of the reactions of peptones.- 

The Structure of Proteins. — The evidence is now very complete 
that the amino-acids in a protein are not linked together in straight 
chains, although there is still some discussion as to what the actual 
arrangement is. Wrinch, a mathematician, has suggested a cycloid 
structure in which groups are united together in a somewhat similar 
way to the groups of a sterol, and has constructed three-dimensional ' 
models accordingly, but other workers prefer to consider them as 
long chains folded on themselves. Possibly both forms exist. (Eef. 
Lloyd and Shore.) 

It is beyond the scope of this book to give.details of estimation 
of individual amino-acids, but the following general methods of 
protein analysis may be given. 


Hausmann’s Method.— This is a short and p-ustworthy procedure, by which 
an approximate knowledge of the nitrogen distribution in the protein molecule 

IS ascertained ' 

It is shortly as foUows The whole nitrogen of the protein is estimated 
by Kjeldahl’s method. A weighed amount is then hydrolysed by means of 
hydrochloric acid, and then the cleavage products are separated into three classes 

and the nitrogen estimated in each, as — . • „ 7 

1. Ammonia nitrogen. This comprises the mtrogen of the jirotem molecule 

which is easily split off as ammonia, and is determined by distilling off the 
ammonia after adding magnesia. 

K 
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2. Diamlno-N. The fluid, free from ammonia, is precipitated by phospho- 
tungstic acid, and the nitrogen present in the precipitate determined. This 
represents the nitrogen of the diamino-acids (lysine, arginine, etc.). 

3. Mono-amino-N is then estimated in tlie residual fluid. 

The method has proved tiscfid for the difTcreritiation of proteins, and interest- 
ing deductions as to their food value have been drawn from its rc.sults. 

Van Slyke’s Method.— In tliis method, the two last fractions in Hausmann’s 
method are treated witli nitrous acid, which liberates nitrogen from amino-groups. 
By measuring the nitrogen evolved, the amino-nitrogen is ascertained, and the 
non-amino-nitrogen (that is, the nitrogen in heterocyclic combination in proline 
tryptophan, etc.J is determined by difference. 'Jliis mctliod can be worked with 
quite small quantities of protein, and from 98 to 100 per cent of the nitrogen is 
accounted for. 



CHAPTER XXI 


PHYSICAL CHEMISTRY AND ITS BEARING ON PHYSIOLOGICAL 

PROBLEMS 

The investigations of physical chemists have given us new con- 
ceptions of the nature of solutions, and so are of importance in 
biological processes, especially on methods by wliich substances pass 
tlu’ough membranes. 

Water is the fluid in which soluble materials are usually 
dissolved. At ordinary temperatures it is a liquid the molecules 
of which are in constant movement ; the hotter the water the more 
active are the movements of its molecules, until when at last it 
boils, the molecules leave the solution. Perfectly pure water con- 
sists of molecules HgO with a very few H and OH ions. The water 
molecules undergo very little dissociation into their constituent ions, 
and it is for this reason that pure water is an extremely poor 
conductor of electricity. 

If a sulistance such as sugar is dissolved in the water, the 
solution still remains incapable of conducting an electrical current. 
The sugar molecules in solution are still sugar molecules ; they do 
not undergo dissociation. 

But if a substance such as common salt is dissolved in the water, 
the solution is then capable of conducting electrical currents, and the 
same is true for most acids, bases, and salts. These substances do 
undergo dissociation, and the simpler units into which they are 
broken up in the water are called ions. Thus, if sodium sulphate 
is dissolved in water a certain number of its molecules become • 
dissociated into sodium ions, which are charged with positive 
"electricity, and sulphate ions, which are charged with negative 
electricity. Similarly, a solution of hydrochloric acid in ^ water 
contains free hydrogen ions and free chlorine ions. Sulphuric acid 
is decomposed into. hydrogen ions and ions of SO^. The term ion is 
thus not equivalent to atom, for an ion may be a group of atoms, 
such as SO4, in the example just given, and it always carries an 
electric charge. ' 

Further, in hydrochloric acid, the negative charge -of the 
chlorine ion is equal to the positive charge of the hydrogen ion; 
but in sulphuric acid the negative charge of the SO4 ion is equal 

291 
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to the positive charge of two hydrogen ions. We can thus speak of 
monovalent, divalent, trivalent, etc., ions. 

Ions positively charged ai-e called hat-ions because they move 
towards the kathode or negative pole; those which are negatively 
charged are called an-ions because they move towards the anode or 
positive pole. The following are some examples of each class; — 

Kat-ions. Monovalent: — Na+, NH^, etc. 

Divalent ; — Ca'* "^, Ba*’"*', Fc'^d- (in ferrous salts), etc. 

Trivalent: — (in ferric 
salts), etc, 

An-ions. Monovalent: — Cl“, Br.", OH", NO", etc. 

Divalent: — S"", Sc".~, SO"“, etc. 

The ions liberated by the act of dissociation are, as we have seen, 
charged with electricity, and when an electrical current is led into 
such a solution, it is conducted through the solution by the move- 
ment of the ions. Substances which exhibit the property of 
dissociation are known as ckdrolytes. 

The liquids of the body contain electrolytes in solution, and it 
is owing to this fact that they arc able to conduct electrical currents. 

This conception of electrolytic dissociation which we owe to 
Arrhenius is extremely important in relation to osmotic pressure, 
because the process of dissociation increases the number of particles 
moving in the solution, and so increases the osmotic pressure, for 
in this relation an ion plays the same part as a molecule. 

It has been shown also that living tissues are extremely sensitive 
to the nature and the concentration of ions in their environment. 
Some of these facts, which wc owe largclv to the work of Tvincer and 
of Loeb, we have already referred to in relation to the heart, amceba, 
and cilia. 

Some substances like sodium chloride are fully dissociated, but 
others such as weak acids and bases and their salts are not fully 
dissociated but/becomo more so when in dilute solution. 


The Dissociation of Different Electrolytes. 

Strong JElccirolytcs . — A crystal of common, salt consists of a 
closely packed orderly arranged mass of ions of sodium and chlorine. 
No particular sodium ion is attached to any particular chlorine ion. 
That is, the crystal is not made up of NaCl molecules but of Na"^ and 
Cl" ions hold together by the attractive forces due to their opposite 
charges. 

"lAHien the sodium chloride is dissolved in water NaCl molecules 
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are not formed, the fSTa'*' ions and the 01“ ions continue to lead 
separate existences. 

So far as is known SO^ and K"*" ions also belong to the class 
of completely dissociated electrolytes, and all salts are completely 
dissociated in weak solution. 

TFeak Electrolytes. — The dissociation of compounds in this group 
can he represented by the general equation 

AB A - + B+. 

the dissociation obeying the law of mass action. Water, organic 
acids, proteins and some calcium and magnesium compounds all 
undergo partial reversible dissociation. The first 'three of these are 
of general importance and will be dealt with individually. 

The Dissociation of Weak Acids. — An acid can be defined as any 
compound which can give rise to hydrogen ions, and a base as a 
compound which can take them up. The relationship between an 
acid and a base can then be expressed 

HA ^ A“ + H+ 

Acid. Base. 

The chief acids of the body and the dissociation which they 
undergo at physiological pH can be represented by the following: 

HgCOg ^ HCOg- + H+. 

H,PO; HPO;- + H+. 

R.COOH ECOO" + H+. 

The Dissociation of Amino-Acids. — The iso-electric point of an 
amino-acid is defined as the pH at which the total charge on the 
ainino-acid is zero. In this state the constitution of the ordinary 
a-amino-acid can be represented by 

R.CH.COO" 

I ^ 

NH+. 

If the pH is less than the iso-electric point it can function as a base, 
R.CH.COO" R.CH.COOH 

I -F H+ =i^ I 

NH+ NHg+ 

or if the pH is greater than the iso-electric point, as an acid, 
R.CH.COO- R.CH.COO“ 
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These doubly-charged ions which can function as acids or bases 
are known as zwitterions. 

The Dissociation of Proteins . — Like the amino-acids, the iso-electric 
point of a protein is defined as the pH at wliich the total charge 
on the molecule is zero. In this condition the protein molecule 
carries many positively and negatively charged gi-oups. Tlie total' 
charge is zero because the number of positive charges is equal to 
the number of negative charges. As in the case of the amino-acids, 
at jpH’s greater than the iso-electric point the protein behaves as an 
acid and at^H’s below the iso-electric point as a base. (Taylor.) 

Gramme -molecular Solutions. — From the point of view of 
osmotic pressure a convenient unit is the gramme-molecule. A 
gramme-molecule of any substance is the quantity in grammes of 
that substance equal to its molecular weight. A gramme-molecular 
solution is one wdiich contains a gramme-molecule of the substance 
per litre; Thus a gramme-molecular solution of sodium cldoride is 
one ■vsdiich contains 58'46 grammes of sodium chloride (Ha = 23'00: 
Cl = 35'46) in a litre. A gramme-molecular solution of glucose 
(CgHioOg) is one which contains 180 grammes of glucose in a litre. 
A gramme-molecule of hydrogen (Ho) is 2 grammes by weight of 
hydrogen, and if this was compressed to the volume of a litre, it 
would be comparable to a gramme-molecular solution. It therefore 
follows that a litre containing 2 grammes of hydrogen contains the 
same number of molecules of hydrogen in it as a litre of a solution 
containing 58'4G grammes of sodium chloride, or one containing 
180 grammes of glucose, has in it of salt or sugar molecules respect- 
ively. To put it another way, the hca^'ior the weight of a molecule 
of any substance, the more of that substance must be dissolved in 
the litre to obtain its gramme-molecular solution. Or still another 
way: if solutions of various substances are made all of the same 
strength per cent., the solutions of the materials of small molecular 
weight will contain more molecules of those materials than the 
solutions of the materials which liavc heavy molecules. "Wo shall 
see that the calculation of osmotic pressure depends upon these 
facts. 

Diffusion. — If two gases are brought together witliin a closed 
space, a homogeneous mixture of the two is soon obtained. This 
is due to the movements of the gaseous molecules within the confining 
space, and the process is called diffusion. This process, we have 
seen, is important in relation to the passage of gases to and from the 
blood in the lungs. In a similar way difiusion will efiect in time a 
homogeneous mixture of two liquids or solutions. If water is 
carefully poured on to the surface of a solution of salt so as to form 
two layers, the -salt or its ions ^YiIl soon bo equally distributed 
throughout the whole. If a solution of albumin or any other colloidal 
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substance is used instead of salt in the experiment, diffusion will 
be found to occur much more slowly. 


Osmosis. 

If, -instead of pouring the water on to the surface of a solution 
of salt or sugar, the two are separated by a membrane made of such 
a material as parchment, a diffusion will occur, 
though more slowly than in cases where the M 

membrane is absent. In time, the water on . 
each side of the membrane will contain the same 
quantity of sugar or salt. Substances which pass 
through such membranes are called crystalloids. 

Substances which have large molecules (starch, 
protein, etc.) and do not pass through such 
membranes are called colloids. Very few, if any, 
membranes are equally permeable to water and 
to molecules of the substances dissolved in the fw . 127. 

water. If in fig. 127 the compartment A is filled - 
ys^ith pure water, and B with a sodium chloride solution, the liquids 
in the two compartments will ultimately be found to be equal in 
bulk as they were at the start, and each will be a solution of salt 
of half the strength of that originally in the compartment B. But at 
first the volume of the liquid in compartment B increases, because 
more water molecules pass into it from A than salt molecules pass 
from B to A. The term osmosis is generally limited to the stream 
of water molecules passing through a membrane, while the term 
dialysis is apphed to the separation of those substances which 
can pass through a membrane from those which cannot. At first, 
then, since osmosis (the diffusion of water) is more rapid than the . 
dialysis (the diffusion of the salt molecules or ions), the level of B 
becomes higher than that of A. This difference indicates the higher 
osmotic pressure of the salt solution or the power of the solution to 
attract water. If a bladder containing strong salt solution is placed 
in a vessel of distilled water, water passes into the bladder by 
osmosis, so that the bladder is swollen, and a manometer connected 
with its interior will show a rise of pressure (osmotic pressure). 

The total osmotic pressure cannot, however, be measured in this 
way because (1) the salt diffuses out as the water diffuses in, and (2) 
the increased hydrostatic pressure in B (due to gravity) tends to 
interfere with the passage of the water to B (see Biltration below). 

It is therefore necessary to use a membrane which will not allow 
salt to pass out either by dialysis or filtration, though it will let the 
water pass in. Such membranes are called semi-permcdbh nmm- 
branes, and one of the best of these is ferrocyanide of copper. This 
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may be made by taking a cell of porous earthenware and washincf it 
out- first with copper sulphate and then with potassium ferroeyanide. 
An insoluble precipitate of copper ferroeyanide is thus deposited in 
the pores of tlie earthenware. 

If such a cell is arranged as in fig. 128, and filled with a 
1 per cent, solution of sodium chloride, water diffuses in, till 
the pressure registered by the manometer reaches the enormous 

height of 5000 mm. of mercury. If the 
pressure in the cell is increased beyond this 
artificially, water will be pressed through 
the semi-permcable walls of the cell and 
the solution will become more concentrated. 

Though it is theoretically possible to 
measure osmotic pressure by' a manometer 
in this direct way, practically it is hardly 
ever done, because it has been found difficult 
to construct a membrane which is absolutely 
semi-permeable; they arc nearly 'all per- 
meable in. some degree to the molecules of the 
dissolved crystalloid. In course of time, there- 
fore, the dissolved crystalloid will be equally 
distributed on both sides of the membrane, and 
osmosis of water will cease to be apparent, 
since it will be equal in both directions. 

Calculation of Osmotic Pressure. — 
As a sim])le example we may take a 1 per 
cent, solution of canc-suirar which does not 
dissociate into ions. 

Two jirammes of hvilrotien at N.T.P. 
occupy a volume of 22'4 litres. A gramme- 
moleculo of hydrogen — that is, 2 gmimnes 
of hydrogen — when brought to the volume 
of 1 litre, will exert a gas pressure equal 
to that of 22’4 litres compressed to 1 litre 
— that is, a pressure of 22’4 atmospheres. A 
gramme-molecular solution of cane-sugar, since it contains the same 
number of molecules in a litre, must therefore exert an osmotic 
pressure of 22'4 atmospheres also. A gramme-molecular solution of 
cane-sugar (CjoTIo-iOu) contains 342 grammes of cane-sugar in a 
litre of water. A 1 per cent, solution of cane-sugar contains only 
10 grammes of cane-sugar in a litre ; honco the osmotic pressure of 

a 1 per cent, solution of cane-sugar is X 22 4 atmospheres, or 

0'65 of an atmosphere, which in terms of a column of mercury 
= 760x0-65 = 494 mm. 



Fio. 12S. — A, outor vr.ssol, coii- 
tiiniiiR di.stlllccl wat^r; II, 
inner .s'mi-jierinc.'ible vessel, 
containiiiK 1 per cent, .salt 
solution; >1, inercnrinl 
manomotcr. (After Star- 
llng.) 
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DETERMINATION OF 03M0TI0 PRESSURE 

It is not possible, however, to apply this method to mixed 
solutions containing- electrolytes such as occur in the body since 
it is not known how many molecules are ionised. 

Determination of Osmotic Pressure by means of the 
Freezing-point. — This is the method which is almost universally 
employed. The principle on which the method depends is the 
following: — The freezing-point of a solution of any substance in 
water is lower than that of water; the lowering of the freezino-- 
point is proportional to the molecular concentration of the dissolved 
substance, and that, as we have seen, is proportional to the osmotic 
pressure. 

When a gramme-molecule of any/substance is dissolved in a litre 
of water, the freezing-point is lowered by 1-87° 0., and the osmotic 
pressure is, as we have seen, equal to 22'4 atmospheres, that is, 
22‘4 X 760 = 17,024 mm. of mercury. 

We can, therefore, calculate the osmotic pressure of any solution if 
we Imow the lowering of its freezing-point in degrees Centigrade ; the 
lowering of the freezing-point is usually expressed by the Greek 
letter A- The determination is made by the use of the Beckmann 
thermometer. 

Osmotic pressure ^ 17,024. 


Tor example, a 1 per cent, solution of sugar would freeze at 

nnenor^ -x. x.- • xl £ 0-052x17,024 

— 0-052 C.; its osmotic pressure is therefore =473 mm.. 


a number approximately equal to that we obtained by calculation. 

Mammalian blood serum gives A =0-56" C. A 0-9 per cent, 
solution of sodium chloride has the same A ; 
a 0-9 per cent, solution of common salt have 
pressure, or are isosmotic. The osmotic pressure 
0-56 X 17,024 


hence serum and 
the same osmotic 
of blood serum is 


1-87 


: 5000 mm. of mercury approximately, or a pressure of 


nearly 7 atmospheres. 

The osmotic pressure of solutions may also be compared by 
observing their effect on red blood-corpuscles, or on vegetable cells 
such as those in Tradescantia. If the solution is hypertonic, i.e. has 
a greater osmotic pressure than the cell contents, the protoplasm . 
-loses water and shrinks, or if red corpuscles are used, they become 
■'orenated; if the solution is hypotonic, i.e. has a smaller osmotic 
pressure than the material within the cell-wall, and if red corpuscles 
are used they swell and burst. 'Isotonic solutions, such as physio- 
logical or normal salt solution, produce neither of these effects, because 
they have the same osmotic pressure as the material, within the 
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cell-wall. Isosmotic solutions may or may not be isotonic, depending 
on tlieir nature. 


Tbe Nature of Osmotic Pressure. — The following simple explanation 
is perhaps the best, and may be rendered most intelligible by an example. 
Suppose we have a solution of sugar separated by a semi-permeable membrane 
from water ; that is, the membrane is permeable to water molecules, but not to 
sugar molecules. The streams of water from the two sides will then be unequal ; 
on one side we have water molecules striking against the membrane in what we 
may call normal numbers, while on the other side both water molecules and sugar 
molecules are striking against it. On this side, therefore, the sugar molecides 
take up a certain amount of room, and do not allow the water molecules to get to 
the membrane ; the membrane is, as it were, screened against the water by the 
sugar, therefore fewer water molecules will get through from the screened to the 
unscreened side than vice versa. This comes to the same tiling as saying that 
the osmotic stream of water is greater from the unscreened water side to the 
screened sugar side than it is in the reverse direction. The more sugar molecules 
that are present the greater will be their screening action, and thus we see that 
the osmotic pressure is proportional to the number of sugar molecules in tlie 
solution, that is, to the concentration of the solution. 

Osmotic pressure is, in fact, equal to that which the dissolved substance would 
exert if it occupied the same space in the form of a gas (van ’t HoiF’s hypothesis). 
The nature of the substance makes no difference ; it is only the number of molecules 
which causes osmotic pressure to varj*. The osmotic pressure, however, of 
substances like sodium chloride, which arc electrolytes, is greater than what one 
would expect from the number of molecules present. This is because the molecules 
in solution arc split into their constituent ions, and an ion plays the same part as a 
molecule, in questions of osmotic pressure. In dilute solutions of sodium chloride 
ionization is complete, and as the total number of ions is then nearly double 
the number of original molecules, the osmotic pressure is nearly double what would 
have been calculated from the number of molecules. 

The analogy between osmotic pressure and the pressure of gases is very 
complete, as may be seen from the following statements: — 

1. At a constant temperature osmotic pressure is proportional to the concentra- 
tion of the solution (Boylc-Mariotte’s law for gtiscs). 

2. With constant concentration, the osmotic pressure rises with and is pro- 
portional to the temperature (Gay-Lussac’s law for gases). 

3. The osmotic pressure of a solution of different substances is equal to the 
sum of the pressures which tlic individual substances would exert if tliey were 
alone in tlie solution (Hcnry-Dalton law for partial pressure of gases). 

4. The osmotic pressure is independent of the nature of the substance in 
solution, and depends only on the number of molecules or ions in solution 
(Avogadro’s law for gases). 

Filtration. — Fluids may also pass tlirough membranes in virtue 
of a mechanical or hydrostatic difierence in pressure on tlie two 
sides. The membrane leaks, as it wore, but only the substances in 
solution pass through. This occurs in tlic case of ordinary filtration 
through a piece of blotting-paper. It is, however, important to note 
that the concentration of the filtrate is the same as that of the true 
solution before filtration. 

Physiological Applications. — It will at once bo seen how 
important all these considerations are from the physiological stand- 
point. In the body we have aqueous solutions of various substances 
separated from one another by membranes. Thus there are the 
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endothelial walls of the capillaries separating the blood from the 
lymph; the epithelial walls of the kidney tubules separating the 
blood ^ and lymph from the urine ; and similar epithehum in ail 
secreting glands ; there is also the wall of the alimentary canal 
separating the digested food from the blood-vessels and lacteals. 
In such important problems as lymph-formation, the formation of 
urine and other excretions and secretions, and the absorption of food, 
we have to take into account the laws which regulate the movements 
both of water and of substances which are held in solution by the 
water. In the body osmosis and filtration both take place. Further 
complicating these two processes there is another force, namely, the 
secretory or selective activity of the hving cells of which membranes 
are composed. This is sometimes called by the name vital 
action, which is an vinsatisfactory and unscientific expression. The 
laws which regulate filtration, diffusion, and osmosis are fairly 
well known and can be experimentally verified. But we have 
undoubtedly some other force, or some other manifestation of force, 
in living membranes. It probably is some physical or chemical 
property of living matter which has not yet been brought into line 
with the known chemical and physical forces which operate in the 
inorganic world. We cannot deny its existence, for it sometimes 
operates so as to neutralise the known forces of osmosis and filtration. 

The more one studies the questions of lymph-formation and 
glandular secretion, the more it is evident that mere osmosis and 
filtration will not explain them entirely. The basis of the action 
is no doubt physical, but the living cells do not behave like the 
dead membrane of a dialyser ; they have a selective action, picking 
out some substances and passing them tlirough, while rejecting 
others. This is in part, but not wholly, due to the fact that the 
permeability is greater to some ions than to others. The subject 
has been extensively investigated by Hamburger. 

The cell has no real choice in what shall pass through and 
what be kept back. It has been found that different ions modify 
in various ways the normal permeability. The electric charge of 
the ions .must .be an important factor in determining the passage 
of substances through the cell and its plasmatic mernbrane. This 
permeability may become altered in diseased conditions by an 
upset of the normal relationships of the ions, hence cellular activity 
becomes abnormal. Electric charge, moreover, is only one factor; 
molecular size in passing the sieve-like membrane is another; 
solution affinities, surface tension, etc., are still others.^ 

These considerations may be exemplified bj’' what is Imown m 
relation to the permeability of cells to glucose. This sugar is always 
present in the blood in health, but is wholly contained m the 
plasma ; the corpuscles are stated to be impermeable to this variety 
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of sugar. In diabetes they become permeable. (See also Secretion 
and Absorption.) 

The theory of diffusion of dissolved substances through membranes 
as applied to cells has been profoundly influenced by the discovery 
of the composition of the cell-wall. At one time it was believed 
that diffusion of a colloid material was prevented by the pores of the 
membrane being too small to allow large molecules to get through 
them; it was thought to act as a sort of sieve. But this cannot 
be the whole explanation, and it is now held that solv.tion ajfinitics 
play a most important part ; that is to say, a membrane is permeable 
to substances which are soluble in the material of the membrane. 
Such solubility may imply the formation of actual chemical unions 
or more frequently the process is one of adsorption (see below); 
this latter process comes specially into play when nutritive materials 
are assimilated by the cell by means of the protein solution which 
occupies the interstices between the fat molecules of the membrane. 
On the other hand, the permeability by substances such as alcohol, 
chloroform, and ether, is mainly determined by the solubility of these 
•materials in the fatty or fat-like components of the membrane, and 
tins consideration is the foundation of the IMeyer-Overton theory 
of the narcotic effect on cells which these volatile ancesthetics 
exercise. 

The process of absorption depends largely, but not entirely, on 
physical principles. Distilled water and readily diffusible substances 
readily pass through into the blood and lymph, but if hypertonic 
saline is introduced into the intestine, water passes from the blood 
to the intestine. This is the action of a purgative, especially the 
sulphates, which are not so readily absorbed as chlorides. Curiously, 
however, as Waymouth Beid has shown, if the living epithelium of 
the intestine is removed, absorption comes very nearly to a standstill, 
although from the purely physical standpoint removal of the thick 
columnar epithelium would increase the facilities for osmosis and 
filtration. 

The osmotic pressure exerted by crystalloids is very considerable, 
but their ready diffusibility limits their influence on the flow of 
water in the body. Thus if a strong solution of salt is injected into 
the blood, the first effect will be the setting up of an osmotic stream 
from the tissues to the blood. The salt, however, would soon diffuse 
out into the tissues, and would now exert osmotic pressure in the 
opposite du’ection. Moreover, both effects, will bo but temporary, 
because excess of salt is soon got rid of by the excretory organs. 

Osmotic Pressure of Proteins. — The osmotic pressure of proteins 
is of special importance in relation to the blood, whore they have 
been shown by Starling to exert a pressure of 30 mm. of mercury. 
By means of tliis pressure it is possible to explain the fact that an 
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isotonic or even a hypertonic solution of a diffusible crystalloid ma- 
be completely absorbed from the peritoneal cavity into the blool 
The pressure observed may be due to saline materials from whicl-. it 
is difficult? to separate proteins.* 

The functional activity of the tissue elements is accompanied by 
the breaking ' down of their protein constituents into such simple 
materials as urea (and its precursors), sulphates and phosphates. These 
materials pass into the lymph, and increase its molecular concentration 
and its osmotic pressure ; thus water is attracted (to use the older 
way of putting it) from the blood to the lymph, and so the volume of 
the lymph rises and its flow increases. On the other hand, as these 
substances accumulate in the lymph they will in time attain there 
a greater concentration than in the blood, and so they will difiuse 
towards the blood, by which they are carried to the organs of excretion. 

But, again, we have a difficulty with the proteins : they are most 
important for the nutrition of the tissues, but they are practically 
indiffusible. We - must therefore assume that their presence in the 
lymph is due somehow to filtration from the blood. 

It is the osmotic pressure of the protein which is chiefly respon- 
sible for preventing the fluid of the blood from leaving the blood-vessels. 

In the capillaries we have a balance of pressure: on the one 
hand we have the pressure of the blood, together with the osmotic’ 
pressure of the tissue fluids, tending to suck fluid from the vessels ; 
while, on the other hand, this is counteracted by the osmotic pressure 
of the blood which is exerted by the salts and proteins. The balance 
is, however, a very delicate one; since an increase of capillary 
pressure causes fluid to pass ■ into the tissues {(Bdema ) — and hence it 
is that our feet are slightly larger at the end of the day. On the 
other hand, when the capillary pressure falls, as in htemorrhage, fluid 
passes from the tissues into the blood. In kidney disease, when 
much protein, especially serum albumin, which has a smaller 
molecule and higher osmotic pressure than serum globulin, is lost 
in the urine, oedema is apt to occur, and is in part due to loss of 
colloid. 

The Law of Mass Action. — This law is of fundamental im- 
portance in relation to the processes which break down substances . 
in digestion and subsequently cause the products to be built up 
into the tissues of the body. The law states that the rate at which 
a reaction takes place is proportional to the mass of the reagents 
in a certain volume, or, more accurately, to the concentration of 


*' Bayliss has shown that the saline constituents found in a native protein are 
not mechanicaUy mixed with it, and are also not in true chemical combination with 
it, but are in a, condition intermediate between these , 

term adsorption is applied. Many dyes used for stammg fabrics and histological 

preparations are also adsorbed. 
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the active masses of the reagents (Bayliss). In a reversible 
reaction the extent to which either will proceed will similarly 
depend on the concentration of the reagents on either side. In the 
equation 

C2Hi;OH + CHg.COOH CHg.COO.CoHjj + HjO 

[Ethyl alcohol.] [Acetic acid.] [Ethyl acetate.] [IVator.] 


the extent to which alcohol and acetic acid will be formed, i.e. 
the equilibrium-point, in such a hydrolysis will depend on the 
concentration of water, and of the other reacting constituents. 
(See p. 308.) 

In a test-tube, therefore, the liydrolysis of a starch or of a 
protein by an enzyme is not quite complete, some of the substances 
always remaining unchanged. 

In the body, however, some of tlie substances produced are 
removed from the sphere of reaction. In the digestion of starch, 
for example, the soluble sugar formed becomes absorbed and no 
longer interferes with the continuance of tlie reaction. 

Similarly, in the blood and tissues one of the substances, 
the glycogen, is also removed from the sphere of reaction and the 
synthesis can, therefore, proceed. It is not yet quite clear how 
some of the substances are actually removed from the sphere of 
the reaction, but that such a process does tahe place seems tolerably 
certain. 

Surface Tension. — The surface layer of a liquid possesses 
certain properties which are not shared by the rest of it, for in the 
interior the arrangement of matter is symmetrical round any point, 
whereas on the surface the surroundings consist of liquid on one side 
only, while on the other side is solid, or gas, or it may bo another 
liquid. In a gas, the molecules are free from one another’s attractive 
inlluence and fly about freely with high velocity, producing pressure 
on the walls of the containing vessel; in a liquid, the mutual 
attractions of the molecules are great enough to keep the substance 
together in a definite volume ; in order to separate the molecules and 
convert the liquid into gas a largo amount of energy is required — 
the so-called latent heat of vaporisation. Tlie molecular attractions 
in a liquid are thus very great, so that a molecule of the surface 
layer is pulled strongly inwards, and this layer constitutes a 
stretched elastic skin, and the power thus exerted is spoken of as 
surface tciision. The effect of surface tension is most simply seen in 
a free drop of liquid, such as a rain-drop, or a drop of oil immersed 
in a inixture of alcohol and water of the same density. There is 
then nothing to prevent the tension in the surface layer from 
contracting as much as possible, and the drop will therefore assume 
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a form in which its volume will have the smallest surface, that is, 
the drop will assume the form of a sphere. 

Now animal cells are liquid, and when they are at rest, other 
forces being absent, they also are spherical, and although they do 
not possess, as a rule, a definite wall of cellulose or other hard 
substance such as vegetable cells have, nevertheless the surface film , 
exercising the force called surface tension, plays the part of ar 
elastic skin, and is termed the plasmatic membrane. This membrane 
plays an important physiological r61e. In the projection of pseudo- 
' podia, for instance, variations in the surface tension must occur in 
different parts of the periphery of the cell. Protoplasm, how- 
ever, is not a simple liquid, but contains substances of varjdng 
chemical composition, and substances which have the power of 
diminishing surface tension always show a tendency to accumulate 
at the surface. Hence the fats and lipides which are powerful 
depressants of surface tension are found, probably in a state of an 
extremely fine emulsion, more abimdantly in the plasmatic membrane 
than elsewhere in the cell. 

Adsorption. — Prom what has been said above it is evident that 
any substance in solution in a liquid in contact with a surface 
will be concentrated on that surface. This process is called adsorption. 
The power of charcoal to take up gases or dyes is due to the large 
- surface it presents. Por a similar reason the amount of congo-red 
which a filter-paper will take up is relatively greater the more dilute 
the solution of the dye. We shall see that this concentration at 
surfaces is important in digestion by enzymes which are colloids and 
have therefore an extremely large surface on which dilute acids 
and alkalis may be looked upon as becoming concentrated and 
having therefore the activity of strong solutions. 

• Colloidal Solutions. — The study of colloids is important, seeing 
how many important physiological substances belong to this class ; 
for instance, the proteins, and polysaccharides. Their main characters 
are, that they 'do not pass through a parchment membrane (^. 295), 
their solutions are opalescent, they crystallise with difficulty 0 at all, 
they have a tendency to form jellies {e.g., gelatin), or to coagulate 
under the influence of heat and other agents (as is the case with 
most proteins), and they exert a low osmotic pressure. Inorgamc 
Substances {e.g., several metals, and compounds such as silicic acid) 
may also assume a colloidal condition; these are in an unstable 
physical condition, passing from the “ sol ” (or fluid) to the " gel ” 
(or jelly-like) condition under slight provocation. This confers upon 
them their power to act as catalysts. 

The solutions formed by colloidal materials are not true 
solutions. ■ They are really suspensions of very minute particles. 
The particles, though ordinarily in%dsible, will nevertheless scatter 
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light, just as minute dust particles in the air are lit up by a 
beam of sunlight (Tyndall phenomenon). If a beam of light is 
passed through a colloidal solution the particles may be seen 
by means of a microscope. This principle is used in the ultra- 
microscope. 

Beaction of Fluids. — Althougli this! important subject is really 
part of physical chemistry, it is more conveniently considered in 
connection with the maintenance of body reaction as a whole in 
a later chapter. 


* Enz37Ttnes. 

In all living things there talce place a large number of chemical 
reactions which arc cbaracteriscd by a rapidity and completeness 
which is quite unexpected considering how dillicult it is to bring 
about similar reactions outside the body by ordinary chemical 
reagents. 

This is made possible by the existence of colloidal organic ^ 
catalysts known as enzymes, so called because they were first found 
in yeast. They arc also called ferments because those in yeast 
Q.QX\B,ei fermentation, that is frothing and bublding, due to the hreak- 
down of carbohydrate into alcohol and carbon dioxide. Like all 
catalysts they are not used up in the reaction — “A little leaven 
leavenoth the whole lump” — but there is now evidence that some 
act by entering into chemical combination temporarily with the 
substrate or substance on which they act and then separating olf 
again. 

Some enzymes normally act oxtra-collularly and exist, for 
example, in the digestive secretions of the alimentary canal, where 
they play an important part in the breakdown of foodstufis, but 
intracellular enzymes are also present in all colls. Wo are familiar 
with the existence of enzyme action outside the body. Enzymes 
are present in the bacteria which bring about the souring of milk, 
and arc the active agents in the processes of putrefaction whether 
autolytic or caused by micro-organisms. After breaking up the 
colls or bacteria it is ])ossiblo to extract the enzymes and it is found 
that the}' act apart from the cell. It is often possible to reduce 
the enzyme to a powder form which will keep for a considerable 
time. In several instances enzymes have been crystallised, c.y. 
pepsin, trypsin, urease. 

We may classify enzymes according to the kinds of chemical 
reactions they catalyse or according to the siibstrates upon which, 
they act. Modern usage is te name the enzyme by adding -asc to 
the appropriate substrate, hut the older ones retain their original 
names. 
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-Hydrolytic enzymes activate the addition of water to the 
substrate which then breaks up into simple molecules, c.g. 

C12H22OU + 

[Sucrose.] [Glucose.] [Fructose.] 

They bring about the digestion of food in the alimentary canal and 
are further discussed under digestion. 

There are several varieties of hydrolytic enzjones and it will be 
noted that as a rule enzymes act in groups towards a common end. 

The first enzjone to be discovered was the hydrolytic enzyme, 
diastase of barley, which was shown byKirchhoff in 1814 to convert 
starch into sugar in the brewing of beer. The next, the pepsin 
of the gastric juice, which hydrolyses protein was found by Schwann 
in 1836. 

1. Oarboliydrases which hydrolyse carbohydrates, e.g. those 
which convert polysaccharides (starch, glycogen) into sugar with 
intermediate dextrins. Examples: the diastase of vegetable seeds, 
and thid ptyalin of saliva. 

There are also those wliich convert disaccharides into mono- 
saccharides, e.g. inveo'tase of yeast cells ; invertase of intestinal juice ; 
these convert sucrose into equal parts of glucose and fructose while 
maltase and lactase break down maltose and lactose respectively. 

2. Proteases which split proteins into proteoses, peptones, 
polypeptides, and finally amino-acids. Examples: the pcgmn of 
gastric, the tryjosin of pancreatic juice, and the erejpsin of intestinal 
juice. They are contained also in the phagocytic cells of the blood 
and tissues, where they digest and destroy bacteria. They hydrolyse 
the C — N link of proteins. 

Esterases hydrolyse the ester link, i.e. between an acid and 
an alcohol. They include : — 

1. Lipases, which are present in the pancreatic and gastric juices, 
and which hydrolyse the glycerides of the higher fatty acids in 
the small intestine. . 

■ 2. Fhosphatases or phosphoric' esterases, which facilitate the precipi- 
„ tation of calcium in the bone and are present in the Iddney and 
stomach, hydrolyse the link between H 3 PO 4 and the OH group 
of a large number of compounds, such as phosphatides, hexose 
phosphate, etc. ' 

3. Lecithinases which act on lecithins. 

4. Esterases, which hydrolyse the esters of the lower fatty acids 
and of choline and betaine. The best known is the choline esterase 
of the blood, winch destroys acetyl-choline. * 

Oxidation-Reduction , Enzymes. — These- enzyme systems are 
closely related to the actions of the vitamin Bp complex, especially 
nicotinic acid and tliiamine. 
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• Oxidases . — These are not hydrolytic, but are oxygen carriers and 
produce oxidation ; they are mainly found as intracellular enzymes, 
and are discussed in relation to tissue respiration. 

Reductases . — These are the counterpart of the oxidases, and 
produce reduction in the tissues. 


Miscellaneous Enzymes. 

1. Deaminases — these remove the amino-group from the amino- 
compounds, and are found in the liver. 

2. Coacjulatim Enzymes — those which convert soluble into insoluble 
proteins ; the best example of this class is rennet or rennin, found 
in the gastric juice; it converts the soluble caseinogenate of milk 
into casein. Tliis is the substance used by cooks to make curds and 
whey, 'rhrombn.se in the blood catalyses blood Coagulation. 

There are also a number of unclassified enzymes, such as carbonic 
anhydrasc, which facilitates the giving up of carbon dioxide by 
the blood in the lungs. 

Characteristics of Enzyme Action. 

Zymogens. — ^I’hese are the parent substances or precursors of the 
enzymes. The granules seen in many secreting cells consist very 
largely of zymogen, which in the act of secretion is converted into 
the active enzyme. Thus, pepsin is formed from pepsinogen, trj'psin 
from trypsinogon, and so forth. 

Activation of Enzymes. Co-enzymes. — ^lany enzymes contained 
in secretions are in a condition ready for action. In other cases 
tliis is not so, and their action occurs only after they have been 
rendered energetic by the presence or action of other substances, 
termed activating agents, or kinases and co-enzAunes. Sometimes 
the activator is an inorganic substance, such as calcium for thrombin, 
chloride for ptyalin, or magnesium for phosphatase. The action of 
a kinase is irreversible, but it is possible to remove the co-enzyme 
from its sphere of action and temporarily inactivate an enzyme. 
Co-enzymes are of special importance in the oxidation-reduction, 
systems inside cells. 

The Specifieity of Enzyme' Action. — In most cases the action of 
an enzyme is extraordinarily limited ; thus there are three separate 
enzymes to hydrolyse the three px-incipal disaccharides, sucrose, 
lactose, and maltose, neither of which will act upon either of the 
other two sugars in the list. Arginaso splits arginine into ornithine 
and urea, but will act upon no other sxibstanco. The “ lock and 
key” simile first introduced by Emil Fischer will aid us in under- 
standing this specificity of action, but it is becoming increasingly 
evident that this specificity depends on definite chemical reactions 
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For example, some enzymes will only act if the protein or 
polypeptide concerned has free NHa or COOH groups. If these 
are fixed by adding H or by esterification respectively, the enzyme 
loses its activity. The activity may also depend on the exact 
method by which the amino-acids, for example, of a protein are linked 
together, for an enzyme may act on a tripeptide and yet he incapable of 
acting on a corresponding dipeptide which has one less amino-acid. 

Enzymes may then be considered as chemical complexes stabilised 
and made permanent by a colloidal carrier, or it may be that they 
are like polypeptides and composed of long complex chains. 

The Inexlmustihility of Enzymes. — A. small amount of enzyme 
will act on an unlimited amount of substrate, provided sufficient 
time is given, and provided also the products of action are removed. 
The enzyme appears to take a share in intermediate reactions, and 
there is some evidence that in certain stages it combines with the 
substrate; but subsequently when the substrate breaks up into 
simpler materials, the enzyme. is liberated unchanged, and so ready 
to act similarly on a fresh amount of substrate. 

The simple logarithmic law of enzyme action has been demon- 
strated for the majority of enzymes (invertase, trypsin, erepsin, 
lipase, etc.). The effecfc in a given time is proportional to the 
quantity of enzyme present. 


Conditions affecting the Velocity of Enzyme Action. 

These conditions have been aptly described as those which 
would affect the activity of slugs attacking a strawberry. 

Ooncentration of Enzyme . — ^The more eqzyme there is present 
the more rapidly will the action proceed; that is, provided the 
enzyme is thoroughly mixed • with the substrate and has full 
opportunity of attacking it. The reaction is indeed dependent on 
the total surface offered to the enzyme. Ho doubt if we chopped up 
the strawberry the slugs could eat it more rapidly. 

Concentration of Substrate. — The more substrate present the 
greater the speed of .reaction, but there is an optimum concentration 
above which the action is slowed down; 

The Effeet of Temperature on Enzyme Action. — ^As the tempera- 
ture rises the velocity of the action increases, until a temperature 
is reached at which the activity is greatest. Most enzjmes act 
best at 40° 0., but there are exceptions ; malt diastase, for instance, 
acts best at 60° G. Beyond the optimum temperature a further rise 
inhibits activity, until a temperature is reached when the enzyme 
is destroyed. - The fatal temperature as a rule is in the neighbour- 
hood of 50° 0. 

This statement, however, requires some modification, as whether 
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or not an enzyme is destroyed by a given temperature depends on 
the reaction of the medium in which it is'. Boiling trypsin in an 
acid medium (Mellanby) in which, however, it is inactive does not 
destroy it, but it is readily destroyed in an alkaline medium, and 
pepsin may be boiled in neutral salt-free solution without loss of 
■ potential activity (hlorthrop). 

The effect of a rise of temperature is complex, and is of a 
twofold nature. In the first place, and between certain limits, 
the law of Arrhenius is followed ; that is, a rise of 10° doubles or 
even trebles the velocity of the action of the enzyme, as it does 
other chemical reactions. But as the temperature rises the velocity 
of disintegration of the enzyme also rises. The optimum tempera- 
ture is that at wliich the cnz}une work is best done; this is a 
temperature at which the accelerating effect is at its maximum, and 
the retarding effect due to enzyme destruction is not so great as to 
neutralise the accelerating effect. 

Optimum Ucaclion, of Enzyme Activity. — Some enzymes act best 
in an acid, others in an alkaline medium. For each there is an 
optimum hydrogen-ion concentration. If placed in an unsuitable 
medium they arc not only inactivated bill may be destroyed. 

Bemoval of Products of Bcadion. — Unless the products of reaction 
are removed they eventually hold it up in virtue of the law of mass 
action. In digestion, however, the enzyme actions tend to bo 
very complete as the products are absorbed into the blood. 

Jicvcrsibiliiy of Enzyme Action. — In some cases the action of 
enzymes may be reversible. The majority of enzyme reactions 
are unimolecular, or reactions of the first order; that is to 
say, one substance only, the substrate, undergoes transformation; 
the other substance, the enzyme, does not alter in concentration. 
The law followed in such reactions is therefore the simple logaritlmiic 
law. But in these transformations we meet with the peculiarity 
that the reaction is not quite complete. A certain quantity of the 
substrate never disappears. This phenomenon is due to the fact 
that two reactions are always taking place in opposite directions. 
Simultaneously witli the splitting up, the, synthetic reaction begins, 
and synthesis or building up increases in proportion as the splitting 
of the compound advances. The 'velocity of the B 2 ?litting process 
decreases at the same rate as tlic velocity of the synthetic process 
increases. At a certain point, both have the same velocity, and 
therefore no further change occurs in the mixture when this condition 
of equilibrium is reached. This rule is expressed by writing the 
chemical equation connected by a double arrow instead of the sign 
of equation, as follows : 

aHg.OH + CHg.COOH:^ CHj.COO.CHg + H,0 

{Ktliylnlcohol.] (Acetic add.] (EthyUcetate.) (tVater.l 
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This phenomenon is termed “ remrsiUlity." Commonly, however, the 
reaction is complete because its products are removed as soon as formed. 

In intracellular action tliis is a factor of importance, for the 
same enzyme in the presence of different proportions of the substrate 
and its cleavage products may both build up and break down the 
same substance. 

There are many instances of reversible activity in the body, such 
as the building up of '’starch (glycogen) and of protein and their 
subsequent breakdown. It is, however, by no means certain that 
the same enzymes are concerned in both processes. 

The action of lipase; maltase, pepsin, trypsin, phosphatase 
have all been shown to be reversible, but the amount of substances 
formed have so far been very small, possibly because the exact 
conditions for their synthetic action are not sufficiently known. 

Nature of Enzyme Action. — As has already been said, an 
enzyme may be considered to exercise a catalytic action. That is 
to say, the presence of the enzyme induces a chemical reaction 
to occur rapidly, which in its absence also occurs, but so slowly 
that any action at all is difficult to discover. To use the technical 
phrase, its action is to increase the velocity of chemical reactions. 
It is, for instance, quite conceivable that, if starch and water 
are mixed together, the starch will in time take up the water 
and split into its constituent molecules of sugar. But an action 
of this kind would be so slow, occupying perchance many years, 
that for practical purposes it does not take place at all. If an 
inorganic catalyst is added, such as sulphuric acid, and the 
temperature raised to boiUng-point, the action takes place in a few 
minutes ; if an "organic catalyst, such as the enzyme ptyalin, is 
added, the velocity of the change is even greater ; but, what is of 
more importance for the well-being of the animal, a moderate 
temperature, namely that of the body; amply suffices. 

Various theories have been brought forward to* account for this 
catalytic action, but there is as yet no certainty. It used to be 
thought that enzymes formed adsorption compounds with the sub- 
stances they act upon but as indicated in relation to their specificity 
(p. 306) it now appears more likely that they form definite chemical 
combinations which permit the substrate to react more freely with 
other substances, e.g. water in the case of the hydrolytic enz}rmes. 

The Nature of Enzymes. — ^Although, as we have said, enzymes 
are necessary for life, they are not themselves living ; indeed, many 
of them have now been obtained in crystalline form, although this 
is not looked upon now as being necessarily inanimate. This is true 
of the well-known digestive enzymes, pepsin, trypsin, and amylase, 
and also of the enzyme urease which hydrolyses urea.^ In many 
cases the enzymes are derived from inactive precursors in the body- 
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cells known as zymogens, and in many instances the crystalline 
form of the precursor is different from that of the active enzyme. 

All the crystalline enzymes which have been prepared so far 
are proteins, but some are active in solutions so dilute that no test 
for proteins can be obtained. It would seem tljat the activity 
depends on some peculiar arrangement of their amino-acids, but 
what this is has so far eluded discovery (I^orthrop). 

In the case of certain oxidation-reduction systems, one of the 
essential constituents of the enzymes has been found to be a vitamin ; 
for example, vitamin 11 pyrophosphate is co-carboxylaso, which 
is necessary for the conversion of pyruvic acid to acetaldehyde. 
Itiboflavine, a part of vitamin 1 ? 2 . is a constituent of the yellow 
enzyme system necessary for the oxidation of hexose monophosphoric 
acid. Nicotinic acid is part of the co-enzyme of yeast juice wliich 
will activate dried yeast. IVfost enzyme action is very economical 
and leads to little or no evolution of heat, but of course this does 
not refer to the oxidases. A -very large number of body processes 
depend on such action ; indeed, it is very difiicult to see how life 
could continue witliout them. 

Finally, it may be said that it is never possible to demonstrate 
the presence of an enzyme except in the presence of its substrate, 
and it is just possible that the substrate itself plays some part 
in its formation and activation. 

Enzyme Poisons. — Enzyme systems can ho “poisoned" by 
numerous substances, notably mercury, silver, and gold, and to a 
lessor extent copper, zinc, and lead, by strong acids and alkalies, 
formaldehyde, cyanides. The toxic eflects of these substances in man 
may in part bo duo to this action. Generally the poisons are i>rotein 
precipitants. Enz}'mes are usually inactivated by ultra-violet light. 

Anti-enzymes. — If an enzyme is injected into an animal its 
blood develops a substance known as an anti-enzyme which prevents 
the enzyme action. Substances such as anti-pepsin, anti-rennin, 
and anti-trypsin can bo produced, and it is thought that such 
substances may play a part in preventing intestinal worms and 
even in protecting the colls lining tho alimentary canal from being 
digested. Tho anti-enzymes arc specific to individual enzymes. 

Autolyeis. — All dead tissue eventually digests itself and becomes 
liquid, and often this is assisted by bacterial digestion, as in tho 
case of pus formation. A similar function of the autoh’tic action 
of enzymes is presumably concorned when tho body lives on itself, 
thereby losing weight in starvation and fever. These enzymes are 
intracellular and may belong to any of the groups of hydrolytic 
enzymes. It seems probable that they play a part in tho normal 
metabolism of living colls. 
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THE BLOOD 

The blood has a number of important functions in the body, some 
of which have already been studied. They are (1) Transport of 
substances from one part of the body to another, and in so doing 
it plays an important part in (2) Nutrition, (3) Respiration and 
(4) Excretion, and in the maintenance of the (5) Acid-base 
equilibrium. It also plays an important part in (6) the water 
balance of the body and (7) in the protection of the body against 
invasion by abnormal substances or by bacteria. 

Blood is a somewhat viscid fluid, and in man and in all other 
vertebrate animals, with the exception of two,* is red in colour. It 
consists of a yellowish fluid, called plasma or liquor sanguinis, in 
which are suspended numerous blood-coirpuscles, the majority of 
which are coloured, and it is to their presence that the red colour 
of the blood is due. They form 45 per cent, of the blood volume. 

Even when examined in very thin layers, blood is opaque, on 
account of the different refractive powers possessed by its two 
constituents, the plasma and the corpuscles. On treatment with 
ether, water, and other reagents, however, it becomes transparent and 
assumes a lake colour, in consequence of the colouring matter of the 
corpuscles having been discharged into the plasma. The average 
specific gravity of blood at 16° C. (60° E.) varies from 1065 to 1062. 
A rapid and useful method of estimating the specific gravity of blood 
was invented by Roy. Drops of blood are taken and allowed to fall 
into fluids of known specific gravity. When the drop neither rises 
nor sinks in the fluid it is taken to. be of the same specific gravity 
as that of the standard fluid. In Hannnerschlag’s method the drop 
is placed in a mixture of chloroform and benzene ; more chloroform 
or benzene is added until the drop neither falls nor sinks, i.e. until 
the mixture has the same specific gravity as the blood ; the specific 
gravity of the mixture is then taken. The taste is saltish. Its 
temperature varies slightly, the average being 37’8° G. (100° F.). The 
blood-stream is warmed by passing through the muscles and glands, 
but it is somewhat cooled on traversing the capillaries of the skin. 
Recently-drawn blood has a distinct odour, which in many cases is 

* The amphioxus and the leptocephaliu. 
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characteristic of the animal from which it has been taken ; it may 
be further developed by adding to blood a mixture of equal parts 
of sulphuric acid and water. The rcadion of the blood is faintly 
alkaline and is dealt with in a later chapter. 

Blood Volume. — Tlie quantity of blood in an animal may be 
estimated in the following manner; — small quantity of blood 
is taken from an animal by venesection; it is defibrinated and 
measured, and used to make standard solutions of blood. The 
animal is then rapidly bled to death, and the blood which escapes is 
collected and defibrinated by whipping. The blood-vessels are next 
washed out with saline solution until the washings are no lonr^er 
coloured, and these are added to the previously withdrawn blood; 
lastly, the whole animal is finely minced with saline solution. The 
fluid obtained from the mincings is carefully filtered and added to 
the diluted blood previously obtained, and the whole is measured. 
Tlie next stop in the process is the comparison of the colour of the 
diluted blood with that of standard solutions of blood and water 
of a known strength, until it is discovered to what standard solution 
the diluted blood correspf)nds. As the amount of blood in the 
corresponding shindard solution is known, as well as the total 
quantity of diluted blood obtained from the animal, it is easy to 
calculate the absolute amount of blood which the latter contained, 
and to this is added the small amount which was withdrawn to 
make the standard solutions. Such experiments have shown that, 
although there is considerable variation, the blood volume of the 
dog is about iV to jV of the body-weight. 

The application of the method to decapitated criminals has given 
values from | to iV For the estimation of blood volume in man 
during life it is evident that other methods are necessary. These 
methods consist in adding a known amount of an easily recognisable 
substance to the circulating blood, and after thorough admixture 
a small known quantity of blood is withdrawn, and the substance 
estimated in it. "J'hen by calculation, the total quantity of blood 
capable of holding all the foreign matter introduced is calculated. 

The estimation of the hlooit volume in the lirinif man is, however, 
fraught with dillicullies. Tho methods commonly in use involve 
the injection of dyes usually “ vital red” or ‘‘Evans blue.” 

Tho subject is of some practical interest as it is found that 
it may vary in disease. In talking of blood volume it should be 
realised that wo really usually mean plasma volume as the dye 
does not enter the corpuscles (.see Eowntree and Frown, 1929). 

Tho following method is that now most extensively used. Two 
samples of blood (5 c.c.) are withdrawn and oxalated. A 1‘5 per 
cent, solution of the dye is injected into an arm vein — after live 
minutes sample.s of blood aro withdrawn and centrifuged. The 
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colour is compared, the tint of the dye in the plasma compared 
with standards consisting of uncoloured plasma and dye solutions 
of known concentrations. This method gives a total blood volume 
of from yV' XT body-weight. In an average man the amount 
- is then about 6 litres, but this may be increased as in ansemia 
or at high altitudes. Similar results have been obtained by studying 
the change in bipod concentration which occurs when plasma is 
injected. 

All methods depending on the dilution of an injected substance 
, have the disadvantage that they measure only the circulating volume 
of blood and not necessarily that available in the blood -depots, 
which may or may not be full at the time of the estimation. Any 
state which causes them to contract, such as excitement and some 
diseases, may upset results when they are most needed, but in the 
same individual at rest repeated examinations under uniform 
conditions give reasonably constant results, the experimental error 
being quite small. 

The Begulation of Blood Volume. — The blood volume obviously 
depends ultimately^ on the water content of the body as a whole; 
but even when conditions arise which tend to change it, a very 
considerable effort on the part of the body is needed to keep it 
approximately constant. This is done by the fluid passing through 
the capillary walls in either direction according to requirements. 
Thus the loss or the injection of small quantities of fluid changes 
the blood volume for only a short time, the factors which determine 
the direction of the flow of fluid being the capillary pressure and 
osmotic pressure of the blood. The subject is closely related to 
the water-balance of the body and to the formation of lymph, winch 
are dealt with in separate sections. 

T/ie circulating hloocl volume is increased in a number of states 
notably mental stress, muscular exercise, and high temperature. 
This is no doubt due in part to the constriction of the blood-depots 
for there is an increase of cells as well as plasma. More rapidly 
moving blood also tends to sweep static corpuscles into the 
circulation. 

A reduction of circulating hlood volume is brought 'about by a 
number of conditions. It may occur in any generalised anhydrsemia 
{i.e. loss of body water), in hEemorrhage, or if the blood pools in ' the 
capillaries as may occur when there is extensive damage to tissues. 
Prolonged standing has a similar effect from the pooling of blood 
and lymph in the legs (see "The Effect of Gravity on the 
Circulation”). A reduction is also produced by exposure to cold, 
apparently because of the vasoconstriction of the skin brought 
about by the nervous 'system,'for it does not occur, if the spinal 
cord is cut (Barboui'). The skin vasoconstriction, by raising capillary 
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pressures, presumably increases the amount of tissue fluid and 
excretion by the kidney. It seems possible too, that continued 
mental stress may eventually reduce the blood volume and hence 
the effect of a holiday in causing a subject to “ look better,” there 
then being sufficient blood to fill the superficial vessels more fully. 
There are, however, as yet no experimental data on the subject. 


Coagulation of tlie Blood. 

Blood possesses two remarkable properties. It remains fluid in 
the blood-vessels throughout life, but rapidly becomes solid when 
shed. Both qualities are essential for the preservation of life. The 
maintenance of fluidity is necessary for the circulation of the blood, 
whilst the solidification of the shed blood provides an indispensable 
defence against excessive bleeding from wounds. 

The coagulation of the hlood is due to the formation of a jelly 
by the deposition of protein material called fibrin, and it is the 
formation of this body that is the fimdamental change in blood 
clotting. When a film of almost freshly shed blood is examined 
rmder the microscope, a network of gelatinous threads or filaments 
of fibrin is seen, many of the threads radiating from ^'clumps of 
disintegrating blood-platelets. Entangled in tins mesh are both 
erythrocytes and leucocytes, the preponderance of the former 
corpuscles giving a clot of blood its characteristic red colour. 
The ultramicroscope reveals how the threads are built up. Minute 
granules first appear." These coalesce, forming needles resemhhng 
crystals which join up end to end and form the threads mentioned 
above. Soon, however, the whole mass contracts, its intimate 
structure becomes indistinguishable, and a straw-coloured liquid 
called serum is squeezed out of the clot. Blood plasma wliich has 
been deprived of leucocytes and erythrocytes clots as "readily as 
whole hlood. The presence of these corpuscles is, therefore, not 
necessary for hlood coagulation, although their debris contains 
substances which may participate in clotting. 

The role of platelets in blood clotting has been the subject of 
controversy. Some writers have thought that they are essential for 
coagulation, others have denied their importance. Eecent researches 
indicate, however, that the platelets are normally important partici- 
pants in blood clotting, but they are not always essential for that 
process. The removal of blood-platelets from the shed blood of 
fasting animals by passing it through a clay filter may completely 
suppress the capacity of the plasma to clot spontaneously at room 
temperatures, but clotting may occur after prolonged shaking or 
when the plasma is kept for several days at 38° C. in sterile tubes. 
The addition of disintegrating platelets, or extracts of them, to 
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deplateletised plasma _ rapidly produces .coagulation, the speed of 
clotting being proportional to the amount of material added. Blood 
shed during the height of digestion behaves differently. It 
clots as rapidly as whole blood after the complete removal of the 
platelets. 

Moreover, all the substances requisite for blood clotting can be 
extracted from plasma which has been deprived of all its corpuscles 
and ^ platelets. It appears, then, that the plasma contains all the 
participants in blood clotting, but in fasting animals, and possibly 
when digestion is nearly inactive, the presence of platelets is necessary 
for a speed of coagulation sufficiently rapid for the provision of a 
defence against loss of blood. 

Coagulation Time. — If- normal blood is shed directly from a 
blood-vessel on to a clean watch-glass and the glass moved gently 
from side to side, the drop of blood ceases to move in three to ten 
minutes. Many mechanical devices have been invented to obtain 
a more accurate measurement but the practised observer usually 
prefers the simple method. 

Bleeding Time. — The time' taken for a pricked ear, dried off 
with blotting paper every quarter of a minute to stop bleeding, 
is known as the bleeding time, which is from two to four minutes. 
It depends not only on coagulability but the power of the injured 
capillary to contract. 

Coagulation is inaugurated or hastened by : — __ 

(1) The application of warmth, e.g. water about 5° above body 

temperature. This is most important in dentistry and 
midwifery, and is not to be confused with the application 
of cold elsewhere to bring about reflex constriction of 
vessels. 

(2) Contact of the blood with any surface which it wets, or with 

tissue extracts. 

(3) Agitation or whippiug, wliich brings such contact more 

rapidly into play. 

(4) The addition of thrombase (thrombin), but large quantities 

of- thrombase can he introduced slowly into the circulation 
without causing intravascular clotting. 

(5) The rapid intravascular injection of most tissue extracts 

produces clotting in the blood-vessels, but their injection 
slowly or in minute quantities suppresses the clotting of 
blood — (the “ negative phase” of coagulation). 

(6) Astringents, e.g. alum and substances like adrenaline, if 

applied locally, stop hsemorrhage by constricting the Wood- 
vessels, but adrenaline also increases coagulability if 
injected into the blood-stream. 
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The coagulation of shed blood is retarded by : — 

(1) Complete contact with surfaces, c.g. paraffined, not wotted 

by blood. 

(2) Cooling the blood in a vessel siu'rounded by ice ; the blood 

remains fluid for two hours or longer. 

(3) Dilution with great excess of water (20 to 40 volumes). 

(4) The addition of appropriate amounts of salts, such as sodium 

sulphate, magnesium sulphate, or sodium bicarbonate. 

(5) The addition of agents which precipitate the blood calcium 

or throw it out of action. Soluble oxalates and fluorides 
are too toxic to be used in living animals but are used 
in vitro. In practice a concentration of 0'6 per cent, 
sodium citrate is used. A 3‘8 per cent, solution is added 
to 6 times its volume of blood. Citrates are extensively 
used for inti’avenous injections as in blood transfusion. 

(6) The addition of various anticoagulants, such as leech extract; 

various products of autolysis ; a substance extracted from 
various tissues, especially the liver and lungs, named 
heparin, which is produced by the mast cells ; and relatively 
large amounts of commercial peptone. 

(7) Removal of the fibrinogen by whipping it leaves defibrinated 

blood, which can be used for perfusing organs but is 
deficient in protein. 

(8) A number of anticoagulant dyes such as chlorazol fast pink 

are now used in experimental work (Huggett). 

It is possible to carry out many experiments on blood, the result 
of which indicate a number of undispiited facts, although the 
complete explanation of the inception of the process of clotting 
is a subject of considerable controversy. The experimental facts 
are as follows : 

(1) Calcium is necessary for the clotting of blood. It may 

be thrown out of action by adding oxalate or citrate, but 
the blood will again clot if calcium is added. This discovery, 
by Arthus and Pages in 1890, made possible all subsequent 
researches into the problem. 

(2) A precursor of fibrin (fibrinogen) exists in the circulating 

blood. If oxalate is added to the blood to prevent it 
from clotting and the blood is then centrifuged to get 
rid of the corpuscles, the protein fibrinogen may be pre- 
cipitated by adding ammonium sulphate. It may then 
be redissolved in HaCl and the process repeated until 
the fibrinogen is pure. This fibrinogen has the unique 
characteristic of being coagulated by thrombase, a substance 
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present in the serum expressed from coagulated blood. 
That thxombase is hot present in the circulating blood is 
obvious, otherwise the blood would clot in the blood-vessels. 

(3) A precursor of thrombase, prothrombase, may be isolated from 

oxalated plasma by precipitation with acetone. This 
substance, however, will not cause fibrinogen to clot in the 
absence of calcium or of tissue extract. These substances 
used to be called thrombin and prothrombin, but since 
they have been found to be really enzymes and ought to 
be called thrombase and prothrombase (Melianby). Pro- 
thrombase can be boiled for five minutes without being 
. destroyed. It is formed in the liver under the" influence 
of vitamin K. 

(4) Tissue extracts, especially extracts of blood platelets, which 

are precipitated from ice-cold oxalated plasma by centri- 
fuging are found to contain a substance (thrombokinase) 

• which will not of itself clot blood, but winch will in the 

presence of calcium activate prothrombase to do so. Howell 
has shown that cephalin, a phosphatide akin to lecithin, 
is an essential constituent of thrombokinase. 

Beyond these facts we have a large amount of conflicting evidence 
which has led to great controversy of which the chief difficulties are : — 

(1) The nature of the factors which' preserve ’the fluidity of the 

blood in vivo. 

(2) The mode of formation of thrombin and its manner of action 

on fibrinogen. 

. Howell believes that the mother substance of thrombin (pro- 
thrombase) exists in plasma, but is kept inactive by the anti- . 
coagulant heparin manufactured by mast cells. When blood is shed, • 
or damaged by anything it wets, both platelets -and damaged tissues 
liberate a compound of cephalin which neutralises the heparin 
and permits the activation of prothrombase by calcium-ions alone, 
without the intervention of any other body. Thrombase is so formed, 
and by union with fibrinogen forms fibrin. There is no doubt 
that the fluidity of normal blood is due to conditions which are 
unfavourable to the production of thrombase, but there are difficulties 
in the acceptance of Howell’s teaching. For example, the intra- 
vascular injection of heparin, although it first produces incoagulable 
blood, is followed by an increase in the coagulability of the blood, 
nevertheless, heparin is used clinically. (See Jorpes, 1939.) 

Pickering considered that' fibrinogen and prothrombase are 
united with the more stable fractions of blood plasma^ (serum 
globulin and albumin) and are thus shielded from the disruptive 
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action of calcium-ions which is essential for the inception of 
blood clotting. The complex of plasma colloids possesses only 
a limited capacity for resistance. It breaks down immediately 
the blood is shed upon any surface which it wets.* As soon 
as the fibrinogen and prothrombase are set free the changes 
that result in clotting commence. Immediately afterwards blood- 
platelets rapidly disintegrate and, in normal wounding, tissue juices 
invade the stream of escaping blood. The products so liberated, 
with the help of calcium ions, unite with prothrombase giving 
thrombase, which in turn unites with fibrinogen giving fibrin. The 
plasma then changes from a sol to a gel, the initial steps in this 
change being the formation of filaments of fibrin in the manner 
already described. In addition, coagula closely resembling fibrin 
are formed by the direct union of fibrinogen and tissue juices, and 
it is probable that this mode of coagulation proceeds simultaneously 
with the clotting of fibrinogen by tlmombase, although Mills maintains 
that this mode of clotting occurs before the formation of thrombin 
when blood is in contact with damaged tissues. Under artificial 
conditions, blood plasma can be altered from a sol to a gel by 
prolonged shaking without the intervention of the delris of platelets 
or tissue juices, and f certain micro-organisms possess the power of 
clotting blood without the production of thrombase. In spite of the 
controversy the main facts may, however, bo pieced together thus : 

Prothrombase + Calcium 

+ tissue juices and platelet debris (which contain thrombokinase 
^ chiefly cephalin) 

Thrombase + Fibrinogen 

'I" 

Fibrin 

REFEnuNCES. — Pickering, 1928. Howell, 1935. 

The Plasma and Serum. 

When shed blood is kept fluid artificially by any one of the 
methods mentioned on p. 316, the corpuscles gradually sink and 
the plasma can be removed by either a pipette or a syphon. The 
separation of plasma and corpuscles is more rapidly effected by 
using a centrifuge and the plasma volume may be determined by 
using a graduated tube known as the haematocrit. 

The blood (about 5 ml.) to be studied is drawn from a vein into 
a dry syringe and added to a test-tube containing dried oxalate, 

* If a large blood-vessel such as the aorta from a recently killed animal Ls cut 
open it may be demonstrated that its internal surface is not wetted by blood 
or water. This apparently depends on the lipoid character of the endothelial lining. 
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with which it is mixed to prevent clotting. The best method is 
to add the oxalated blood by means of ’a capillary pipette to about 
the 5 ml. mark on the graduated (Wintrobe) tube, and to centrifuge 
at 3000 revolutions per mmute for half an hour. (See M.R.C. 
Eeport, 1942, i., 209.) 

The size of blood-cells is stated to increase during the day and to 
decrease during sleep, while changes also occur in disease. The 
red cells of venous blood are larger than those of arterial blood. 

A relatively pure plasma may be obtained from horse’s veins 
by what is known as the “hving test-tube” experiment. If the 
jugular vein is ligatured in two places so as to include a quantity 
of blood in it, then removed and hung in a cool place, the blood 
does not clot for several hours. The corpuscles settle and plasma 
can be removed. In addition to disintegrating blood platelets, it 
usually contains, however, both minute clots and thrombin, and thus 
differs from the plasma of circulating blood. Eure and unaltered 
plasma has not yet been obtained outside the body, but the material 
available by the methods described gives a fair indication of the 
properties of that fluid. 

Pericardial and hydrocele fluids closely resemble the plasma in 
composition. Usually, they contain few or no corpuscles, and are 
more stable than plasma. As a rule, they do not clot spontaneously, 
but coagulate on the addition of thrombin. 

The plasma is alkaline, yellowish in tint, and its specific gravity 
is from 1041 to 1067, and most commonly 1050. lOO^c.c. of plasma 
contain 

Water 90 

Solids : 

Proteins 8 1 

Extractives (including fat) 1 ’4 1 10 

Inorganic salts '6 J 

Details to be memorised are given at the end of the volmne, . 

The gases of the blood, which are normally -oxygen, nitrogen, 
and carbon dioxide, have already been considered under Eespiration. 

We may now study one by one the various constituents of the 
plasma- and serum. 

A. Proteins. — Fractions of protein possessing different properties 
can be obtained from plasma by mixing it with different concen- 
trations of neutral salts, those commonly used being ammonium 
sulphate, sodium chloride, and magnesium sulphate. They are 
albumins, globulins, and fibrinogens. The table on next page 
gives an approximate idea of the limits of precipitability by these 
salts. ' * ■ . 
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It slioalO not, however, bo assumed that tlieso fractions of 
[>rotoin exist in a free condition in tho plasma. On the contrary, 
recent rescarclios indicate that the fractions of protein ol)tained 
hv t)jo salting of plasma, particularly those called glohulin.s, arc 
not distinct chemical units, hut parts of a larger complex- that 
i.s knit together in tlie plasma and behaves as a coherent whole. 
Tho fractions po.ssess, however, distinct i)ropertics (Sorcn.son, 
Pickering). For their function see p. 321. 


Tab/e iUmtratinrj the 2 >recipitahilit}f of the prhidpal fracliom of jo-oteiti 
irhich are obtainable from blood plaxma that has been kept Jhtid hij 
the addition of sodium oxalate. 


' 

. 

1 i 

Fibrinogen. Kuglobulin. I’HOuiloglobiilln. 

1 1 

Xlbiiiiilii. 

NaCl 

' ! 

Precipitated at Precipitated on | 

nearl}- half sat- saturation. ' 

uration. j } 

>• 

MgSO, . 

Precipitated at i Precipitated on i Precipitated on 
nearly half sat- | saturation. ' saturation, 

uration. ; i 

... 

(NTIp',.SO, 

j 1 

Precipitated on > Precipitated on i Precipitated on 
the addition of j t)ie addition of i the addition of 

15 to 27 per' 28 to 38 per, 30 to per 

cent, of a .satu- i cent of a .satu- ! cent of a satu- 
rated solution, j rated solution, i rated solution. 

1 

Precipitated 
on .satura- 
tion. 


Fibrinogen . — Fibrinogen exhibits the general characteristics of 
globulin with one important difference. It is clotted by thrombaso 
and is thus distinguished from all other fractions of plasma protein. 
It is coagulated in vitro at 56" G. It is so firmly bound to pro- 
thrombasc that it can be separated from that body only by coagulation 
of fibrinogen or by prolonged adsorption. Fibrinogen of the blood 
is probably combined with calcium and sodium. When freed from 
salts, it is incoagulable by heat (de Waele). 

Fibrinogen is made by the liver under the influence of vitamin K, 
and apparently there is also storage there, for if blood is lo.st its 
fibrinogen content may be made up in a few hours. (Whipple, 
Beattie.) 

Scrrnni is the residue of plasma left after the removal of 
fibrinogen as fibrin by coagulating the blood. Its proteins can be 
separated into serum globulin and albumin by salt precipitation; the 
globulin consists of euglobulin and pseudoglobulin. The albumin 
can also be broken into different fractions by heat coagulation. In 
all the vertebrates, except some fishes, e.g. the eel, three fractions are 
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obtained by heating serum to 73®, 78° and 85° C. The globulins 
and albumin obtained from serum exhibit the general properties 
mentioned on p. 280, whilst a complex of albumin and globulin 
possibly participates in immune reactions. 

Frothrovibase is probably a globulin and as already mentioned 
is bound to fibrinogen. When plasma clots it forms thrombase. 
Prothrombase also forms thrombase when whole blood or serum 
is treated with an excess of alcohol. The residue left after the 
evaporation of the alcohol is soluble in water and possesses the 
■ properties of the thrombin obtainable from blood - clots. The 
prolonged dialysis of prothrombase also yields thrombin. 


The Functions of the Plasma Proteins. 

The plasma proteins have a variety of functions. 

1. They act as a medium in which the blood corpuscles are 

protected from damage.. 

2. They confer on the blood an osmotic pressure and in virtue 

of the size of their molecule they are not, like salts in 
solution, filtered off through the capillary membranes by 
■. the blood-pressure into the urine and tissue spaces. 

3. The protein fibrinogen forms the fibrin of a blood clot. 

4. They act as buffers and assist in preventing changes in the 
■ reaction of the blood and in carrying COg. 

5. They probably provide the protective antibodies wliich 

protect against bacteria and their toxins. ' They are 
increased in infectious disease. 

6: When exuded from the capillaries in inflammation and 
hsepaorrhage they form a medium in which the various 
tissues can grow and repair themselves. 

References. — Starling 1909 ; Howe, 1925. 

« 

B. Extractives, etc. — Under this heading is a large number of 
substances which are very variable in amount, but which may be 
extracted. Por the most part they are substances for which the 
blood is the velncle of transport from one part of the body to 
another. They are non-nitrogenous and nitrogenous. The non- 
nitrogenous are fats, soaps, cholesterol, ahd sugar; the nitrogenous 
are urea (0-02 to 0-04 per cent.), and still smaller quantities of 
uric acid, creatine, creatinine, xanthine, hj^oxanthine and amino- 
acids. 

. - L 
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C. Salts. — There are as follows (in percentages) (E. M. J^Inrray) : — 



r'.a<n;a. 

Corj>nsc>i. 

W'lioV 111 jof], ' 

1 

Soditiin . 

0-315 

' 0 C12 

' 

0-20S ! 


0-020 

i 0-425 

0-202 1 

C.ilciiirn . 

0-010 

0-003 . 

0-0 >7 ! 

Mrtqne.sium . 

0-003 

1 0-003 

0-003 1 

I’hosplioru.s . 

0-003 

! 0-003 

0-003 i 

Chloride , 

0-3S0 

'■ 0-185 

0-292 ! 

NnCl . 

0-625 

' 0-374 

0-481 i 

XfiHCOj 

0-220 I 

Traces of sulphur. 



Many of the salts of the blood are maintained at a fairly 
constant level of concentration; although they may vary temporarily 
from time to time on this constancy, which is dealt with later 
in a separate, section, depends on the normal functioning of many 
organs and tissues, notably that of the heart. 


The Blood-Corpuscles. 

Red Corpuscles or Erythrocytes. — Human red corpuscles 
arc circular biconcave discs with rounded edges, 
diameter (8-8 /x on the average) and about a quarter of that in 
thickness. When ^^ewed singly they appear of a pale yellowish 
•tinge ; the deep red colour which they give to the blood is observable 
in them only when they are seen en masse. 

Each red corpuscle is composed of a colourless envelope enclosing 
a semi-liquid material of which by far the most abundant constituent 
is hjcmoglobin; the enclosing membrane is important -especially in 
processes of osmosis such as occur when water or salt solutions are 
added to the corpuscles, and its presence can be clearly .distinguished 
microscopically in the large corpuscles of amphibia. The corpuscles 
are perfectly elastic so that as they circulate they admit of change of 
form, and recover their natural shape as soon as they escape from 
compression. 

The red coi-puscles of other mammals are generally "very nearly 
the size of human red corpuscles. They are smallest in the deer 
tribe and largest in the elephant. In all mammals the corpuscles 
are non-nucleated, and in all other vertebrates (birds, reptiles, 
arnpiiibians, camels, and fishes) the corpuscles are oval, biconvex, 
and nucleated (fig. 130), and larger than in mammals. They are 
largest of all in certain amphibians (amphiuma, proteus). 

Eed blood-corpuscles, like all discs, tend to go into rolls or 
rouleaux. This is exaggerated in inflammation. 
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The Fragility of the Red Blood-Corpuscles. — If red blood- 
corpuscles are placed in distilled water they rapidly take up water 
by the process of osmosis, swell, burst, and discharge their 
haemoglobin {hcemolysis). If placed in isotonic saline solution 



Fig. 129. — Red corpuscles In rouleaux. The 
white corpuscles are uncoloured. 



Fig. 180. — Corpuscles of the frog. The 
central mass consists of nucleated 
coloured corpuscles^ The other cor- 
puscles are two varieties of the 
colourless form. 




they are unaffected, but the extent to which they withstand 
hypotonic solution varies very much especially in disease. Yenous * 
blood cells, as they contain more chloride, are more 
fragile than arterial cells. (See also p. 344.) 

The normal fragility may be determined by exposing 
the cells to sodium chloride solution from 0’25 per 
cent. ' to 0‘75 per cent, and counting the number of 
intact red cells which are present .after half an hour 
(see below). Normal cells begin to haemolyse at 0‘48 ^ 

per cent, and are completely hsemolysed at 0'33 per cent., but 
in acholuric jaundice there may be haemolysis even at O'? per cent. 
Strong salt solutions cause crenation. 


Fig. ISl.— Effect 
,of hypertonic 
saline solution 
(crenation). 


Dilute acetie acid causes the nucleus of the red blood-ceUs in the frog to 
become more clearly defined; if the action is prolonged, the nucleus becomes 
strongly granulated, and all the colouring matter seems to be concentrated in it, 
the surrounding cell-substance and outline of the cell becoming almost invisible ; 
after a time the cells lose their colour altogether. A similar loss of colour occurs in 
the. red corpuscles of human blood, which, however, from the absence of nuclei, 
seem to disappear entirely. . 

The Mean Corpuscular Movement is of importance in disease. 
It is the volume of the red cells in c.c. per 1000 c.c. normally 

red cell count 

about 8? cubic microns (c/a). 
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The Number of the Red Blood-Corpuscles. — The avcratio 
u\uni''^r of ro'l corpuscles is about 5,000,000 per cubic millimetre of 
bloo'l ill jiicu an<l about 4,500,000 in women. These numbers, liowevor, 
are .subject to considerable variation. In America the number tends 
to be appreciably higher. An increase occur.s whenever the individual 
i.s .subjected to conditions of oxygen-want, such as life at a high 
altitude or in diseases in which the circulation is slowed. In such 
circumstances the bone-marrow (see lielow) becomes very active. 
A fall in the number of red corpuscles occurs when there is an 
abnormal destruction of corpuscles in disease or inadequate production, 
and temporarily after htemorrhage. 

The Hmmoglobin Content of the Blood. — From what has 
been said in relation to liespiration it is evident that the amount of 
hrernoglobin in the blood is of considerable importaiicc. Like tbe 
number of corpuscles, it varies very much according to the cniciency 
of tbe circulation and the quality of the air breathed. In man the 
luemoglobin content may be three times the usual amount if the 
circulation is very inefficient. The content is expressed as a per- 
centage of an average blood which is capable of carrying 18’5 c.c. 
of oxygen -per cent. (i.c. a blood which contains 14 per cent, 
luemoglobin). Such a blood is said to contain “100 per cent, 
hemoglobin.” Tliis estimation gives a rough idea of the oxygen- 
cai-rying power of the blood, but there is, as shown by M'Carthy 
and others, diurnal variation amounting to as much as 7 per cent. 
iMore recent and accurate determination, which, however, requires 
more elaborate apparatus, puts the figures at about 15 per cent, 
luemoglobin and 20 c.c. of oxygen per cent. From the enumeration 
of corpuscles and the luemoglobin estimation the colour index, or 
amount of luemoglobin per corpuscle, may be determined. Thus, 
if there is 100 per cent. i.e. 5,000,000 red blood-corpuscles and 
100 i)er cent., luemoglolnn the colour index is said to be 1 ; if the 
hfemoglobinometer gives only 50 per cent, each corpuscle contains 
only half the amount of luemoglobin, i.e. the colour index is 0'5. 

Factors affecting the Hsemoglohin Content. — These are the 
number of red blood-corpuscles and the amount of luemoglobin 
in each. A fall in either will obviously bring about a fall of total 
luemoglobin, although when there is a deficiency in corpuscle 
formation, as in pernicious ancemia, there may be a compensatory 
rise of colour index and the fall of hcemoglobin is not then so low 
as the corpuscle count would lead one to expect. 

By >ar the most important cause of low htemoglobin values is a 
deficiency of iron in the diet, and this is p>articularly liable to occur in 
women whose requirements are greater than those of men because of 
their periodic loss of blood. Small amounts of copper are also needed. 
The factors affecting the numbers of corpuscles are given on p. 327. 
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Methods. 

Enumeration of the Red Blood-Corpuscles. 

Several methods are employed for counting the blood-corpuscles : most of them 
d^end upon the same principle, i.«., the dilution of a minute volume of blood with 
a given volume of a saline solution * similar in osmotic concentration to blood-plasma, 
so_ that the size and shape of the corpuscles are altered as little as possible. A 
minute quantity of the well-mixed solution is then taken, examined under the 
microscope in a cell of known capacity, and the number of corpuscles in a given 
area of the cell is counted. Having ascertained the number of^corpuscles in the 
diluted blood, it is easy to calculate the number in a given volume of normal blood. 

The apparatus most frequently used at the present time is known as the • 
Thoma-Zeiss haemaeytometer.’ It consists of a carefully 
graduated pipette, in which the dilution of the blood is made ; 
this is so formed that the capillary stem has a capacity 
equalling one-hundredth of the bulb above, it. If the blood is 
drawn up in the capillary tube to the line marked 0‘5 (fig. 132) 
the saline solution may afterwards be drawn up the stem to 
the line 101. This gives a dilution of 1-200 as the last 1 does 
not mix. The blood and the saline solution ate well mixed by 
shaking the pipette. The other part of the instrument 
consists of a glass slide (fig. 133) upon which is mounted 
a covered disc, m, accurately ruled so as to present 
one square millimetre divided into 400 squares of one- 
twentieth of’ a millimetre each. The tnicrometer thus 


j 
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made is surrounded by another annular cell, c, which has 
such a height as to make the cell project exactly one-tenth 
millimetre beyond m. If a drop of the diluted blood 
is placed upon m, and c is covered with a perfectly flat 
cover- glass, the volume of the diluted blood above eacli of the 
squares of the micrometer, i.e: above each he 

of a cubic millimetre. Five large squares (i.e, 5x16 small) 
are counted and the average per small square taken by 
dividing by 80. This number multiplied by 4000 and again 
by 200 to allow for the dilution gives the number of fjq. is 2 ._The pipetta 

corpuscles in a cubic millimetre of undiluted blood, i.e. of a Tlioma-Zeiss 

•• x 4000 X 200 hcemacytometer for 
ivhere x = the number in five large squares, — x . red blood-corpuscles. 

80 1 

In actual practice it will be noticed that no arithmetic is necessary, 0000 simply 
being added to the number found in the five large squares. 

Enumeration of the White Blood- Corpuscles. 

The enumeration of the colourless corpuscles depends on the same principle, 

but the counting has to be carried out over the whole square millimetre. 

The blood is diluted (1-20) in a similar special pipette with dilute acetic acid to 
hasmolyse the red blood.-corpuscles and a stain is usually added. 'Since the 
dilution is 1-20 and the cubic capacity of the area counted of a cubic millimetre, 
multiplication of the number counted by 200 gives the number of white corpuscles 
in the whole cubic millimetre.- 




* Hayem’s solution has HgCL as an antiseptic and NaoSO^. 
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D'.rrT'r.t'.'.I Connr. — 'nicdifTcrenti.-ilion of the v.-irietie.'J'of colourlcs."; corpuscles 
>. i. rn imp.drt'iut fmni the sLmdpoint of disc.nsc) c.in be nccomplisbcd after 
.1^ nf jir.iri'* of b!oo<l-fiIms. Five hundred white blood-corpuscles are 
<•. •i-’.'fii inl t!-.'- p-Ti-cotnp:c of each variety calculated. 


FsTUfATios' or Il.r..Aiooi,onis. 

{?:■'• typi- of h TTiio;:!obinoincter, that of Haldane, consists of two tubes, one of 
r.irij.tins '.’0 rub. inm. of standard blood (sec below) lakcd and diluted to 
: ' A I tHc diddled water isi placed in tlie other tube, which is graduated, 
na.l i) cub. mm. of the blood (mca.surcd in a pipette) being estimated is ndd«d. 



Fio. 121.— Tli<! Gowers-II.-iWatie n.TmogloWnomfiter. 


Thi> is diluted with distilled water* till the colours arc alike and the dilution is read 
of:. If, for example, the colours are alike when the dilution has only been .'iO 
findr.ad of the normal 100), the blood contains only 50 per cent, of the normal 
hremnglobin. Commonly, the standard used is a carmine jelly of the same tint as 
normal blood (Gowers), but since this is liable to fade, normal blood the liccrnoglobin 
of which is converted into carboxy-hnemoglobin is used (Haldane), but in this 
instance carbon monoxide (coal-gas) must be mixed with the diluted blood 
under irivt-, ligation. 7'he blood used in tlie Haldane standard is capable of carrying 
1? p'*r cent, c c. of oxygen per 100 c.c. of blood. 

lln ^^laurhtrdi . — In all re.searclics .attention to details given in a special 

report of the Medical Ke.search Council, 1912, ]} M.J , p. 209, and the use of a 
{•roj.erly .‘•tandardi'-ed hrernoglobinomcter is most essential. 

lie colour of the standard should be checked against blood capable of carrying 
c.c. jx.T cent, of oxvgen or containing 14 mg. of hternoglobin per 100 c.c. 
of blood. 

The Oii^n of the Red Elood-Corpuscles, — Surrounding the early 
embryo is a circular area, called the vascular area, in which the first 
rn umc-nt.s of the blood-ves-sels and blood-corpuscles are developed. 
Here the nucleated embryonic cells of the mesoderm, from which 

• The addition of a very minute quantity of NHiOH keeps the hgjmoglobin in 
s dati m .and is better (Haldane). 
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the blood-vessels and corpuscles are to be formed, send out processes 
in various directions, and these, joining together, form an irregular 
meshwork. From some of these endothelial cells the first red 
blood-corpuscles, known as megaldblasts, are developed but they are 
nucleated and larger than adult corpuscles. Next appear the 
erythroUasts which have nuclei with fine chromatin network, and 
later the normoUasts in whose deeply staining (with basic dyes) 
nuclei the network is now absent. Non-nucleated cells now appear 
and as their cytoplasm has a network which stains with cresyl blue 
they are known as reticulocytes. These cells give way to the adult 
cells hut readily appear again if there is any severe call on the 
blood-producing areas. Haemoglobin is. added at the erythrohlast 
stage. In severe cases nucleated cells may . also reappear. See 
Summary on p. 334. Eeferences — Sabin, 1928 ; Eous, 1933. 

In the foetus the liver and spleen take part in blood formation, 
but in the adult it is confined to the red bone-marrow. The long 
bones do not, however, take part normally except in early life, but in 
an emergency the yellow marrow rapidly becomes vascularised and 
takes on the function of blood formation. 

It has now been clearly shovm that the stomach and liver are 
concerned in blood production in another way. It was found by 
Whipple that dogs would recover from being bled more rapidly than 
normally if fed on liver. 

Castle has shown that Brunner’s glands and corresponding ones 
in the pylorus produce an “ intrinsic factor ” which is somewhat like 
an enzyme. ' It acts upon an “ extrinsic factor ” in the food which 
forms a substance necessary for blood production. This substance 
is stored in the liver. When the stomach factor or the pyloric 
region is removed megaloblasts fail to mature. 

The factors affecting the numler of red Uood- corpuscles are of 
considerable practical importance in relation to aneemia. They are ; — 

(1) Hsemopoietic factors, extrinsic and intrinsic, which are 

affected by the state of the stonaach and liver. 

(2) Yitamin 0 in the diet. 

(3) Thyroxine from the thyroid gland. 

(4) Iron and copper for the haemoglobin. 

(5) The state of the bone marrow. 

(6) The speed of destruction of the cells. 

(7) The presence of chronic sources of blood loss, notably 

excessive menstruation in women, ulcers of the alimentary 
canal, or bleeding haemorrhoids (p.iles). 

Lack of 1-6 of these factors leads to different varieties of 
anaemia or blood deficiency. The possible sources of iron in nature 
are discussed in a later section on Diet. The successful treatment 
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of porTiioin-.is an.Tinia, for long a fatal disease,* with liver and its 
raid later with extracts of stomach, is a tribute to the 
vaho; of t'xjieriinental ]thysiology in the alleviation of suflering 

The Fate of the Red Blood-Corpuscles. — The fact that the 
of bile and of blood are chemically related has long 
M!„-.:''sted that the former are derived from the latter, and other 
evidence has indicated that the red blood-corpuscles have, like all 
oth‘T cells of the body, a tolerably definite term of existence, 
c-timatod at about three to four months,f after which they die and 
are rojilaccd. This is suggested by the fact that blood is constantly 
iieine formed, and red cells in the process of breaking down have 
bec-n r)bsorved in organs such as the spleen. The evidence appears 
to indicate that the breakdown of the corpuscles occurs for the most 
j>art as a simiile mechanical result of wear and tear (Rous) and 
wt^ know that such fragmentation is very liable to take place 
in artificial perfusions with pumps. Some idea of the duration 
of the life of the corpuscle can be obtained by .calculating the 
number of blood- cor jiusclcs which would be sutficient to supply 
])igment for the amount of bile .secreted daily. This view is supported 
liy the fact that stored blood loses a number of its qualities after 
about a month. Its corpuscles begin to disintegrate and the plasma 
develops a toxic substance with a peptone-like and cholinc-liko 
action (Gilding). In disea.ses involving blood destruction the 
presence of the iron-containing pigment hfem'osiderin which accumu- 
lates in the liver and '8])lcen is readily demonstrable by the 
Rrussian blue reaction. 

The broken-down red blood-corpuscles are taken up by the 
rcticulo-cnrlotheHal system which, as we shall see, separates and seta 
free into the blood-stream the pigment and the iron. (See Rous, 1 923.) 

Reticulo-Endothelial System (Aschoff) consists of cells scattered 
widely in different regions. Some of the cells are wandering cells, 
such as the clasmatocytes of the connective tissue and the 
mononuclear cells of the blood and spleen ; others are sessile, for 
e.xamplc the stellate cells of Kupfier, which constitute an imperfect 
liniufr for the hepatic capillaries. Other sessile components of the 
reticulo-endothelial system are the endothelium of the lymph sinuses 
and splenic sinuses and that of the capillaries of the bone-marrow 
and suprarenal glands, and the branched reticulum cells of the bone- 
marrow, lymphoid tissue, spleen and thymus. Reticulo-endothelial 
cells possess in common the property of ingesting particles such as 
cell-debris and bacteria; for this r.ea.son they are called macrophages 
fin contrast to the microphages or polymorphonuclear leucocytes). 
In addition, they have the closely related power of taking up 

* Pernicious .an^r.-mia is brought about by chronic inflammation of the .stomach, 
t 'n;e older \iev.- v.-a.s only thirty days. 



CH. XXII.] WHITE BLOOD-COEPUSCLES 329 

foreign colloids, such as Indian ink. ^n important function 
attributed to these cells is the formation of bilirubin from 
haemoglobin. (See Sacks, 1926.) 

Why or 'how the red cells break down is not yet known, but 
once they are broken down, the free blood pigment is. converted 
into bile pigment hf the Kupffer cells. This is shown by the 
fact that. if blood pigment is injected into the circulation or if 
haemolysis of the red cells is caused by arseniuretted hydrogen 
bile pigment appears in the blood, but not so if the reticulo- 
endothelial system has been thrown out of action by previously 
making it take up other foreign matter such as’ a colloidal substance 
or by removing the majority of the Kupffer cells in animals where 
they are chiefly situated in one organ, e.g. the liver of the bird. 

It is not to be imagined that blood destruction and bile formation 
occur only in certain organs. They probably occur in all organs, 
and in the colour of an ordinary bruise we have in reality the 
formation of bile pigment locally. We shall trace this pigment 
further in relation to the bile. 

The simplest method of demonstrating the activity of the 
reticulo-endothelial system is that of Gildiug. A white rabbit is 
injected with Indian ank. Almost immediately its skin, ears and 
mucous membranes are black. After about ten minutes the blacliness 
disappears and when a post-mortem is now made the liver, spleen and 
bone marrow will be seen to have become black. Histological sections* 
show the accumulation of the ink in the reticulo-endothelial cells.' 

The White Blood-Corpuscles. — ^These corpuscles are masses 
of nucleated protoplasm ; • they are nearly spherical when at rest, 
but owing to their amoeboid movements (see p. 7) exhibit con- 
siderable changes in outline when they are active, as they are 
at body temperature. They are also known as leucocytes. (See 
Bunting, 1922) 

The number of white blood-corpuscles varies at different times of 
the day (Bernard Shaw). In the morning or after a rest in the 
horizontal position they are about 6000 per cub. mm. but increase 
after midday. They are increased by activity, by a meal, after the 
injection of adrenaline, and in asphyxia ; indeed, the determining of 
the rise in the numbers of white blood-corpuscles during rebreatMng 
from a simple rubber bag might be used as a test of the availability 
of such cells (McDowall). They may be enormously increased in 
most infections {e.g. 60,000 in pneumonia). If, indeed, they do 
not so increase, the forecast for the recovery of the patient is not 
good. In a few infections they are decreased {e.g. influenza). (See 
Garney and Bryan, 1935.) 

Several varieties of colourless corpuscles are found in human 
blood. (See coloured plate facing p. 334.) 
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They are of two main groups, agranulocytes, i.e. without granules, 
and granulocytes, those with granules in their cytoplasm. 

Agranulocytes — (a) Lymphocytes. — These are only a little larger 
than red corpuscles. The nucleus is relatively large; and usually 
round; the protoplasm around it forms quite a narrow zone. The 
nucleus, as is the case with all nuclei, is basophile, and stains with 
such basic dyes as methylene blue. The protoplasm presents no 
distinct granules and is also basophile. The lymphocytes comprise 
about 25-40 per cent, of the total colourless corpuscles. This variety 
of corpuscle is rhuch increased in chronic infections, e.g. tuberculosis. 

(h) Large mononuclears, Monocytes. — A. relatively small oval nucleus 
lies near the centre of basophile protoplasm, which again presents 
no definite granulation. Their diameter is 12-20 y., and they form 
only 1 per cent, of the total colourless corpuscles. This variety is 
commonly increased in protozoal infections, e.g. malaria. 

(c) Transitional leucocytes. — The cell-body is somewhat smaller 
and is mainly basophile. A certain amoimt of neutrophile granula- 
tion may be seen. The nucleus may present all gradations between 
an oval and lobed condition. They are very rare (about 2 per cent.). 
They were called transitional on the doubtful hypothesis that ...they 
represent an intermediate condition between the large mononuclear 
leucocytes and the polymorphonuclear leucocytes described below. 

Granulocytes. — These are all really polymorphonuclear, but the 
latter term is by convention confined to the neutropliils. 

(1) Polymorphs. — These are 9-12 -/x in diameter, and form the 
main mass of the colourless corpuscles (55-70 per cent.). They have 
several nuclei, which are strongly basophile and present many different 
shapes, and are usually connected by threads of cliromatin. The 
protoplasm is finely granular, and stains with neutral, and faintly 
with acid aniline dyes (such as eosin). In certain pathological 
conditions — for instance, in diabetes mellitus — the cell-protoplasm 
contains excess of glycogen. ' The polymorphs are greatly increased 
in most acute infections. 

(2) Eosinophils. — These are usually larger than the preceding 
(12-15 fx in diameter). They contain either a single irregular- 
shaped nucleus, or more often two or three nuclei of unequal 
size. . Their protoplasm contains large distinct granules wliicli have 
an intense afiinity for acid dyes such as eosin, and are therefore 
termed oxyphile, acidophile, or eosinophile. They are stated to 
be less actively amoeboid than the pol}Tnorphonuclear leucocytes. 
They comprise from 2 to 4 per cent, of the total colourless corpuscles. 
They are increased in anaj)hylactic states produced by the injection 
of foreign protein, in asthma, and especially in infestation with 
animal parasites, but the reason for these increases is unknown. 

-■ (3) Basophils. — These cells are present in connective tissues 
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generally, but they are very rare in normal blood. Less than O'S per 
cent, is usually present. They -measure about 10 fj. across ; their 
nucleus is single and irregular in shape. The granules in the 
protoplasm are much more basophile than the nucleus. 

Phagocytosis. — The most important outcome of the amoeboid 
movement of the colourless corpuscles is their- power of ingesting 
foreign particles, such as bacteria, which they engulf and digest 



Healthy bacillus. 

Partially digested bacillus 


Partially digested leucocyte 
" Nuclei vacuolated 



— Nucleus. 

— Bacillus in leucocyte, 
j... Partially digested leucocyte. 

Foreign matter. 


Foreign matter 



Particles of foreign matter. 

Particles of foreign matter. 
Particles of foreign matter. 


Fio. 185.— Phagocytes containing bacilli and other structures undergoing digestion. (Buffer.) 


This is called phagocytosis. The polymorphonuclear leucocytes, 
which are the most active phagocytesj contain a . trypsin-like 
enzyme which digests protein in a neutral or faintly acid medium. 
If it diffuses out in small quantities it is destroyed by an anti- 
enzyme in the plasma but in large quantities it digests tissues to 
form pus. (See Mudd, M'Gutcheon, and Luck4, 1934.) 

The Blood-Platelets. — ^Besides the two principal varieties of 
blood-corpuscles, a third kind has been described under the name 
blood-platelets. These are colourless disc-shaped or irregular bodies, 
much smaller than red corpuscles. , Different views are held about 
their origin. There is, however, no doubt that they do occur 
in living blood, and are possibly shed off from cells such as the 
megakaryocytes (giant-cells) of the marrow and spleen. They show 
no amoeboid movements. Their importance in relation to the 
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coagulation of the blood has already been pointed out. The normal 
number of platelets per cubic millimetre varies but averages 
about 250,000. . 

Origin of the White Blood-Corpuscles (in the Adult)!-:-The 
lymphocytes are formed in lymphoid tissue wherever this is found 
(lymphatic glands, tonsils, etc.); the lymph leaving .a’ lymphoid 
structure is thus found to be richer in lymphocytes ' than that 
entering the structure. The lymphocytes enter the blood-stream 
by the thoracic duct and the right lymphatic duct. In the cortical 
folHcles of lymphatic glands, the clearer central portion called the 
“germ-centre,” where active karyokinesis occurs, is thought to be 
the actual seat of formation of lymphocytes. The large l}Tnphocytes 
•of the blood -resemble the cells of the germ-centres. 

The polymorphonuclear leucocytes are developed in the red marrow 
of the bones from the myelocytes. The latter are rounded cells the 
cytoplasm of which contains neutrophile granules ; their nuclei are 
rounded and but poorly marked off from the cytoplasm. The 
myelocytes are the most abundant cellular constituent of the bone- 
marrow. In various infective diseases, e.g. pneumonia, there is a 
great increase of leucocytes in the blood (leucocytosis) ; this is 
associated with proliferation of the myelocytes in the marrow and 
some may be swept out in the immature state into the blood-stream. 
Certain of the myelocytes contain coarse granules; in some the 
granules are eosinophile and such eosinophile myelocytes are the 
precursors of the eosinophile le%icocytcs\ whilst in others basophile 
granules are present and these hasophile myelocytes give rise to the 
lasophile cells of the blood. 

The origin of the large mononuclear leucocyte is involved in the 
mists of controversy. According to one view it arises from the cells 
of the ’reticulo-endothelial system (see p. 361); in favour of tliis 
hypothesis is the fact that in an animal injected with a foreign 
colloid, such as coUoidal silica, the cells of this system, e.g. the 
Kupffer cells of the liver capillaries, seize on the colloid with 
avidity, swell up and divide, one product of division passing into 
the blood-stream as a cell I’esembling a mononuclear leucocyte. 
According to another ^’iew, however, this class of leucocyte ia 
developed from the myelocyte. The transition forms are probably 
to be regarded as related to the large mononuclear's ; it is no longer 
believed that they represent an intermediate stage between these and 
polymorphonuclears. (See Summary on p. 334.) 

In determining whether leucocytes have arisen from myelocytes 
or from other cells, use has been made of the peroxidase reaction. 
'Marrow cells are believed to contain peroxidases, so that when they 
are acted on by a mixture of benzidine and hydrogen peroxide, blue 
granules become visible in their cytoplasm. Such granules can be 
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demonstrated in polymorphonuclears and eosinophiles, but not in 
lymphocytes and slightly in large mononuclear cells. The basophiles, 
although undoubtedly of marrow-origin, fail to show blue granules in 
their cytoplasm. 

The Movements of the "White Blood-Corpuscles. — If a small 
blood-vessel slightly larger than a capillary is observed under the 
microscope, say in the web of the frog’s foot, white blood-corpuscles 
may be seen lolling along the wall of the vessels. There seems 
little doubt that they can pass through the walls of the capillary, 
and have a remarkable power of accumulating at a point of injury 
or bacterial invasion. If a section is cut across a small boil a 
region thickly packed with white blood-corpuscles is seen sur- 
rounding the infected region and shutting it off from the rest of 
the body. We have already noted that white cells and phagocytic 
cells are very alike, if not identical with those found in areolar, 
tissue. . 

Leucocytes if placed on a warm stage may be seen to make 
amcBboid movements. They change their shape by throwing 
out processes known as pseudopodia like those of an amceba. First 
one and then another of these processes is thrown out and this 
is followed by a movement of the cell* body as a whole. The exact 
cause of the movement is quite unknown, but there seems little 
doubt that its direction is affected by chemiotactic influences. 


Chemistry of the Blood-Corpuscles. 


The White Blood-Corpuscles. — Their nucleus consists of nuclein, 
their cell protoplasm yields proteins belonging to the globulin and 
nucleo-protein groups. The protoplasm of these cells often contains 
small quantities of fat and glycogen. 

The Red Blood - Corpuscles. — 1000 parts of red corpuscles 
contain — 


"Water . 


Solids 


Organic 
Inorganic . 


688 parts, 
303-88 
8-12 „ 


One hundred parts of the dry organic matter contain — 

Protein (excluding hasmoglobin) . . . . . 5 to 12 parts. 

Haemoglobin 36 to 94 ,, 

Phosphatides calculated as lecithin . . . . 1'8 „ 

Cholesterol . ' 0-1 „ 


The protein present appears to be similar to the nucleo-protein 
of white corpuscles. The mineral matter consists chiefly of chlorides 
of potassium and sodium, and phosphates of calcium and magnesium. 
In man and most other animals potassium chloride is more abundant 
than sodium chloride. 
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Polymorphonuclcars 




The development of the cells of the blood (see p, 334). 

By permiasion from Wliitby and Britton’s Disorders oj the Mood. (Clmrcliill.) 
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The Blood Pigments or Hsamochromes. 

In both the plant and animal worlds pigments play, an important ’ 
part in the supply of oxygen. 

Hsemoglobin and Oxyhaemoglobin. — Pigments are by far the 
most abundant and important of the constituents of the red corpuscles. 
These are conjugated proteins, a compound of the protein globiu 
with the complex iron-containing pigment haem, which belongs to 
the class of pigments known as porphyrins which contains also the 
- green pigment of plants— chlorophyll — and cytochrome, the pigment 
which is associated with oxidations in cells, These pigments, 
together with the bile pigments and other animal pigments which 
are derived from them, are sometimes known as the Pyrrole 
Pigments, as they are derived chemically from the simple hetero- 
ring compound pyrrole, C^H^lSr ' (see formula below). Some 
respiratory pigments, such as the 
green chlorocruorin of certain 
worms, contain iron, but the 
haemocyanin of molluscs and 
Crustacea contains copper. In 

the invertebrate • animals the 

haemoglobin is not in the cor- 
puscles but free in the plasma. 

Haemoglobin is the pigment 
which gives the red colour to the 
blood. When combined with, 
oxygen (but not oxidised) it 

becomes the familiar bright red 
oxyhaemoglobin which has already 
been studied in relation to 

Respiration. The actual shade — crystals of o:cyhsemoglol)in — prismatic, 

of red which blood assumes ■ from human blood. 

depends on the proportion of 

haemoglobin to oxyhaemoglobin, and, as we have seen, even venous 
blood contains a considerable amount of the latter. 

Crystals of oxyhaemoglobin may be obtained- with readiness 
from the blood of such animals as the rat, guinea-pig, or dog ; with 
difficulty from other animals, such as man, ape, and most of the 
common mammals. The following methods are the best : — 

1. Mix a drop of defibrinated blood of the rat on a slide- 
with a drop of water or Canada balsam ; put on a cover-glass ; in a 
few minutes the corpuscles are rendered colourless, and then the 
oxyhsemoglobin crystallises out from the solution so formed. 

2. On a larger scale, crystals may be obtained by mixing the 
blood with one-sixteenth of its volume of ether ; the corpuscles 




336 


[CH, ,XXII. 


THE BLOOD 

'» 

dissolve, and the blood assumes a laky appearance. After a period 
varying from a few minutes to days, abundant crystals are deposited. 

The shape of the oxyhsemoglobiri crystals in different animals 
varies somewhat, probably owing to the varying amounts of water 
of crystallisation they contain. 

Hsem, the parent pigment chemically, is chiefly of academic 
interest but has the property of being very easily oxidised or reduced. 
It exists in both forms (see schema). The term heem usually refers 
to reduced hmm. In nature, however, it does not seem likely that 
it ever occurs free from globin. The globin prevents the oxidation 
of the hsem without interfering with its power to carry oxygen in 
loose combination. If the globin is thrown out of action in blood 
the hsem becomes oxidised and methsemoglobin is formed (see below). 
This occurs to haemoglobin crystals if they are stored. 

Hsematin. — On adding an acid or alkali to haemoglobin, it is 
broken up into two parts — a brown pigment called hccmatin, which 
contains all the iron of the original substance, and globin. 

Haemoglobin disintegrating in the circulation is first split into 
globin and reduced hmmatin (ferrous) and is immediately oxidised 
to haematin (ferric) which in man combines with serum albumin 
to form methaemalbumin. 

Haematin has the formula C 34 H 33 „ ssOgH^Fe. It presents dif- 
ferent spectroscopic appearances in acid and alkaline solutions (see 
accompanying plate). It may be reduced in alkaUne solution by 
adding a reducing agent, and the well-marked absorption spectrum 
of reduced haematin or haemocliroinogen forms the most delicate 
of the spectroscopic tests for blood pigment. Haemocliromogen is 
of a red colour ; haematin is brownish. 

Haemochromogen In neutral solution undergoes spontaneous 
oxidation to the ferric state of parahasmatin. It was this fact that 
suggested that the function of the natural globin in haemoglobin is 
to prevent this oxidation. The reducing agent destroys this 
proteetive action of the globin by denaturing it. 

Haemin is of great importance, as the obtaining of this substance 
forms the best chemical test for blood. The test is much used in 
medico-legal work. Haemin crystals may be prepared for microscopical 
examination by boiling a fragment of dried blood with a drop of 
glacial acetic acid on a slide ; oh cooling, trichnic plates and prisms 
of a dark brown colour, often in star-shaped elusters and with 
rounded angles (fig. 137), separate out. -In the case of an old 
blood-stain it is necessary to add a crystal of sodium chloride. 
Fresh Wood contains sufficient sodium chloride in itself. 

The action ' of the acetic acid is to split the hfemoglobin into 
hsematin and globin; a hydroxyl group of the hsematin is then 
replaced by chlorine. 
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The structure of heemin has now been confirmed by synthesis 
and has been shown to consist of four pyrrole rings (dark in figure) 
linked together. The various h£Bm differ in having different side- 
chains, e.g. while in the case of the bile* pigments the iron is removed 
while the large ring breaks up to form a chain.- 

From hasmin it is possible to produce the parent pigment hsem 
(see schema below). 

Heematoporphyrin, G 34 H 3 g 04 Ng, is iron-free hsematin; it may 
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A suggested formula of hsemin (not to -fae memorised). 


be prepared by mixing blood with strong sulphuric acid ; the iron is 
taken out as ferrous s-ulphate. It is also found sometimes in nature ; 
it occurs in certain invertebrate pigments, and may also be found in 



Fia. 187.— Hsemin crystals. (Frey.) 


Fia. 13S Hsematoidin crystals. 

(Frey.) 


certain forms of pathological urine. Even normal urine contains 
traces of it. It is isomeric with the bilirubin of ,bile. It presents 
different spectroscopic appearances according as it. is dissolved in 
acid or alkaline media. The absorption spectrum figure (ISTo. 9) is 
that of acid hsematoporphyrin. 
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Hasmopyrrol is formed by reduction from hsematoporphyrin and 
proves to be a -mixture of several pyrrol derivatives. Similar 
derivatives are obtained from chlorophyll, a fact which illustrates 
the near relationship of the principal animal and vegetable pigments. 

The relationships of the derivatives of blood pigment are shown 
in the following scheme in which those which the student usually 
prepares are given in dark letters. In more accurate work the 
starting point is usually haemin crystals prepared from blood. 


Haem 



Fio. 189.— Derivatives of hsem related to hemoglobin. Stndents are commonly expected to prepare 
'and recognise the substances in largo print. Ham is reduced hem and hemoglobin is sometimes 
called reduced hemoglobin. 


Haamatoidin. — This substance is found in the form of yellovdsh 
red crystals (fig. 138) in old blood extravasations, and is derived from 
the haemoglobin. Its crystalline form and the reaction it gives with 
fuming nitric acid show it to be closely allied to bilmibin, the chief" 
colouring matter of the bile, and on analysis it is found to be identical 
with it.. (See Bile.) 

Haematoidin, like haematopprphyrin, is free from iron, but differs 
from it in showing no absorption bands in the spectrum. 
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CompoTinds of Hsemoglobin. 


Hsemoglobin forms at least four compounds with gases ; — 


With oxygen 

With carbon monoxide 
With nitric oxide 


fl. Oxyhemoglobin. 

■ \2. Methemoglobin. 

. 3. Carbon monoxide hemoglobin. 
. 4. Nitric oxide hemoglobin. 


These compounds have, similar crystalline forms with the excep- 
tion of methsemoglobin ; each consists of a molecule of hsemoglobin 
combined with one molecule of the gas in question. They part 
with the combined gas somewhat readily; they are arranged in 
order of stability in the above hst, the least stable first. 

Oxyhaemoglobin is the compound that exists in arterial blood. 
Many of its properties have already been described in relation to 
Eespiration. 

We have seen that the oxygen may be removed by exposing the 
blood to a vacuum. The blood may also be reduced by passing 
hydrogen through it or by addition of other reducing agents, such 
as ammonium sulphide or Stokes’ reagent (an ammoniacal solution 
of ferrous tartrate), or, best of all, sodium hydrosulphite. One gramme 
of hsemoglobin will combine ’with 1'34 c.c. of oxygen. 

If any of these methods for reducing oxyhsemoglobin is used, the 
bright red (arterial) colour of oxyhaBmoglobin changes to the darker 
(venous) tint of hsemoglobin. On, once more allowing oxygen to 
come into contact with the haemoglobin, as by shaking the solution 
with the air, the bright arterial colour returns. 

These colour-changes may be more accurately studied with the 
spectroscope, and the constant position of the absorption bands seen 
constitutes an important test for blood pigment. It will be first 
necessary to describe briefly the instrument used. 

The Spectroscope. — When a ray of white light ,is passed through 
a prism, it is refracted or bent at each surface of the prism; the 
whole ray is, however, not equally bent, but it is split into its 
constituent colours, which may be allowed to fall on a screen. The 
band of colours beginning with the red, passing through orange, 
yellow, green, blue, and ending with violet, is called a spectrum : this 
is seen in nature in the rainbow. 

The spectrum of s on li ght is interrupted by numerous dark lines 
crossing it vertically, called Trauenhofer’s lines. , These are perfectly 
constant in position and serve as landmarks in the spectrum. The 
more prominent are A, B, and G, in the red ; D, in the yellow ; E, &, 
and E, in the green ; G and H, in the violet. These lines are due to 
certain volatile substances in the solar atmosphere. If the light 
from burning sodium or its compormds is examined spectroscopically, 
it will be found to give a bright yellow line, or, rather, two bright 
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.yellow lines very close together. Potassium gives two bright red 
lines and one violet line ; and the other elements, when incandescent, 
give characteristic lines, hut none so simple as sodium. 

A convenient form of small spectroscope is the direct vision 
spectroscope, in which, by an arrangement of alternating prisms of 
crown and flint glass, the spectrum is observed by the eye in the 
same line as the tube furnished with the slit — indeed, slit and prisms 
are both contained in the same tube. 

If we interpose between the source of light and the slit a 
piece of coloured glass, or a solution of a coloured substance 
contained in a vessel with parallel sides, the spectrum is found to 
be no longer continuous, but is interrupted by a number of dark 
shadows, or absorption lands corresponding to the light absorbed 
by the coloured medium. Thus a solution of oxyhacmoglobin of 
a certain strength gives two bands between the I) and E lines; 
reduced hEemoglobin gives only one ; and other red solutions, though 
to the naked eye similar to oxyhjemoglobinj will give characteristic 
bands in other positions. 

The’ Properties of Heemoglobin. 

We have seen ah'eady the importance of hfemoglobin in relation 
to respiration. We may now summarise its properties and it will 
be seen how well it is adapted to perform its functions. 

It has a peculiar affinity for oxygen, as shown by its dissocia- 
tion curve, and just as readily gives it up. 

It is amphoteric, that is, it unites with acids and alkalies. 
When oxidised, i.e. oxy haemoglobin, in the red blood-corpuscles 
its reaction is 7'4, and it acts as an acid and combines with base. 

It takes up acids especially when reduced. This property, as we 
have seen, plays an important part in the carriage of carbon dioxide, 
but also is .important in the maintenance of the reaction of the 
body generally. 

It is a precursor of the bile pigment. 

Methsemoglobin. — ^As has been said, the globin prevents the- 
oxidation of hsem by the oxygen of the air, but this occurs if the 
globin is thrown out of action by adding a variety of agents 
especially protein precipitants or oxidising agents. Methremoglobin, 
a very ^dark brown pigment, is thus formed. It is commonly ' 
produced by adding potassium ferricyanide or amyl nitrite to blood, 
and as it also may occur in certain diseased conditions and pass into 
the urine, it is of considerable practical importance. 

Potassium ferricyanide produces another effect as well, namely, 
it causes an evolution of oxygen, if the blood has been premously' 
laked. In relation to respii’ation we have already seen that use is 



BLOOD-SPECTRA COMPARED WITH SOLAR SPECTRUM. 



1. Solar spectrum. 

2. Spectrum of dilute solution of oxyhsemoglobin. 

3. „ „ reduced haemoglobin. 

4. „ „ carbon-monoxide haemoglobin. 

5. „ „ acid haematin in ethereal solution. 

6. „ „ alkaline haematin. 

7. „ ,, methaemoglobin. 

8. „ „ reduced haematin (haemochromogen). 

9. „ „ acid haematoporphyrin. 


Face page 3-JO 
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made of this fact in the estimation of the oxygen content of the 
blood. After the oxygen is discharged from oxyhsemoglobin, fresh 
oxygen, due to the oxidising action of the reagent added, takes its 
place ; this new oxygen, however, is combined in some way different 
from that which was previously united to the haemoglobin. 
(Haldane.) 

This oxygen is not removable by the air-pump, nor by a stream 
of neutral gas such as hydrogen. It can, however, by reducing 
agents such as ammonium sulphide, be made to yield reduced 
haemoglobin. Methaemoglobin is of a brownish red colour, and gives 
a characteristic absorption band in ..the red between the C and D 
lines (spectrum 7 in coloured plate). In dilute solutions other bands 
can be seen. 

Carboxyheemoglobin may be readily prepared by passing a 
stream of carbon monoxide or coal-gas through blood or through a 
solution of oxyhaemoglobin. It has a pecuhar cherry-red colour. Its 
absorption spectrum is very like that of oxyhiemoglobin, but the 
two bands are slightly nearer the ' violet end of the spectrum 
(spectrum 4 in coloured plate). Eedueing agents, such as ammonium 
sulphide, do not change it; the gas is more -firmly combmed than 
the oxygen in oxyhasmoglobin. CO-heemoglobin forms crystals, 
like those of oxyhsemoglobin. It resists putrefaction for a very 
long time. 

Carbon monoxide is given off during the iihperfect combustion of 
carbon such as occurs in charcoal stoves or durmg the explosions that 
occur in coal-mines ; it acts as a powerful poison, by combining with 
the hiemoglobin of the blood, and thus interferes with normal 
respiratory processes. The effects of the formation of carboxy- 
hasmoglobin have already been discussed (p. 261). The bright colour 
of the blood in both arteries and veins and its resistance to reducing- 
agents, are in such cases characteristic. 

Nitric Oxide Haemoglobin. — When ammonia is added to blood, and then 
a stream of nitric oxide passed through it, this compound is formed. It may be 
obtained in crystals isomorphous with oxy- and CO-hsemoglobin, It also has a 
similar spectrum. It is even more stable than CO-haemoglobin ; it is not only of 
theoretical importance as completing the series, but is of some practical interest in 
cases of poisoning by gas liberated from high explosives. 

The Origin of Hsemoglohin.— As has been said, haemoglobin 
belongs to the class of pigments known as porphyrins and contains 
iron ; so also does the green chlorophyll of plants. ^Both are widely 
disposed in nature but not always in a form that can be utihsed ; 
but there is no evidence of this, for the body cannot break down the 
chlorophyll or even the iron-containing porphyrin, haem. Articles 
of diet such as hare soup and black puddings made from blood 
are of no value as sources of iron to the body. The exact source 
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of the pyrrole remains unknown but the glohiu is probably 
synthesised. 

If animals are bled, however, and given different foodstuffs 
we get an idea of the origin .of the constituents of the blood 
generally, and from such studies it becomes evident that a meat 
diet is best for restoring haemoglobin. For this, milk and its- 
derivatives are of little use and carbohydrates valueless. Apricots 
and spinach are the best foods of vegetable origin, although it is 
obvious that the herbivorous animals must obtain their hfemoglobin 
from more usual sources. Most of such investigation has been 
carried out by Whipple and his, colleagues in America on a standard 
anaemic dog which has had its total haemoglobin reduced to about 
a quarter of its normal by haemonliage, and which is given a standard 
anaemic diet largely of carbohydrate to which the food under 
investigation is added. To a considerable extent the value of foods 
in this respect depends on the amount of iron theynontain, although 
it is e^udent from the beneficial effect of drugs that the iron need 
not be in organic form. (See Iron.) Haemoglobin formation' is 
restricted by infections and tliis is one reason why if -prolonged 
they lead to pallor of the face. 


Blood Groups. 

Ideally, the blood of another person is the best substitute for 
lost blood, but imfortunately all bloods are not compatible, but 
are liable to agglutinate or clump, and to haemolyse, each other, and ' . 
so cause serious symptoms and even death. 

Blood groups were discovered by Landsteiner in Germany in 1900. 

It has been found that individuals can be divided into four 
groups, according to the liabiHty of their ceUs to be agglutinated. 
For. practical purposes we can ignore the serum of the donor, since 
it is so diluted by the blood of the recipient. We have, therefore, 
to consider the effect of the serum of the recipient upon the 
corpuscles of the donor. 

Group 1 or AB is the group of universal recipients ; that is, its 
members can receive without causing agglutination cells of each 
of the other groups, but cannot give with safet}’’ to an}" but members 
of their own group. Individuals belonging to group 4 or 0, on the 
other hand, cannot safely receive blood from any but their own 
group. Their blood can, however, be given to an}' other group and 
they are therefore known as universal donors. 

Group 2 or A corpuscles are agglutinated by group 3 or B serum, 
but not by their own ; while those of group 3 or B are agglutinated 
by group 2 or A serum, but again not by their own. 
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By having stocks of the serum of groups 2 or A and 3 or B, we 
can readily determine to which group any individual belongs ; 
since 1 or AB is agglutinated by both, while 4 or 0 is not agglutinated 
by either. The tests are made by adding a little citrate to the 
unknown blood and mixing it with the standard sera on a glass 
slide or in a .small test-tube. The agglutination will occur in a 
few minutes, if at all, 'and may readily be seen with the low power 
of the microscope. 

Details of methods and the possible errors which may occur 


Serum A Serum B 



Fio. 140.— Diagram showing the effects of serums A and B on 'Wood cells of different groui's. 

are given in ^V^ar Memorandum of the Medical Besearch Council, 
1942. (See also Weiner, 1943.) 

Thus, if the blood, say of group 1, is injected into the blood 
stream or mixed with the blood of a recipient whose blood group is 4, 
it is first agglutinated (that is clumped) and subsequently hasraolysed. 
The presence of these specific hsemolysins and agglutinins in_ blood 
has led to the renaming of the blood groups as .indicated in the 
table on p. 344. The + indicates agglutinin and — its absence in 
serum.* 

* The cells agglutinated are considered to contain an iso-agglutinogen. Thus 
group 2 contains A. and 3 has B. The injection of small amounts of incompatible 
blood greatly increases the incompatibility. 
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Group of Serum, i.e. recipient. 

Group of donor, 
i.e. cells. 

Percentage 

occurrence. 

12 8 4 

AB A B 0 

1 or AB, i.e. with no agglutinin o . 



7 

2 or A, i.e. with agglutinin p . 

+ - + - 

40 

3 or B, i.e. with agglutinin a . 

+ + - - 

10 

4 or O, t e. with agglutinin a and p 

+ + + - 

43 


The numbered classification is that of Moss, which has now been 
largely superseded by the original of Landsteiner in letters which 
are indicative of the agglutinin content. Group A has now been 
subdivided into Aj and Ag giving A^B and AgB. The subgroup Ag 
differs from in that it. reacts much more weakly and not in 
high dilutions (over 1/16). 

When plasma only is being given the blood groups may be 
ignored as it becomes so diluted by the blood of the recipient. 

Blood groups are inherited and form a basis for determining 
parentage and for studying racial distribution. Any given child 
cannot have a parent who could not have contributed to his group. 
Thus parents who belong to 0 cannot have children of groups AB, 
A or B, nor can two B’s produce A children, and vice versa. 

Rh Factor. — The presence of this factor was discovered by 
testing samples of human blood with the serum of rabbits into 
which had previously been injected the blood of a rhesus monkey. 
It was found that irrespective of group the blood of some 85 per cent, 
of humans was agglutinated (i.e. Eh positive) and that of 15 per 
cent. Eh negative. The transfusion of positive with negative subjects 
may therefore produce reactions, especially if repeated as the 
negativity is increased. The factor is inherited and its importance 
lies in the fact that the mother may by absorption become immime 
to the blood of the fcetus and suffer from reactions if transfused 
after childbirth especially if the cliild suffers from erythroblastosis 
(excess of red cells commonly associated with jaundice). Patients 
suffering from other diseases may develop a seif-immunisation. The 
presence of this factor emphasises the desirability of du’ect checking 
of blood before transfusion. 

Haemolysis. 

We have already seen that luemo lysis of the red blood-corpuscles 
takes place if they are exposed- to distilled water, but they may 
be broken up in a variety of ways. (See Ponder, 1924 and 1934.) 

1. By hypotonic solutions (see Fragility above). 
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2. By mechanical crushing. This is very liable to occur if 

blood is pumped outside the body. 

3. By fat solvents like chloroform or ether which dissolve the 

cell membrane. 

4. By substances which lower surface tension such as bile 

salts and saponin. 

6. By diverse agents, e.g. alternate heat and cold, ultra-violet 
rays, changes in reaction of surrounding medium, some 
snake-venoms, etc. 

6. By specific hsemolysins. If the blood of animal A is injected 

into animal B of another species, the blood of B develops 
specific hsemolysins and becomes capable of very rapidly 
destroying the corpuscles of A if they are subsequently 
injected. 

7. By natural hsemolysins as in the blood groups which are 

discussed below. Before • actual hsemolysis takes place 
there is an agglutination of the corpuscles. 

Tests for Blood. — Briefly, these are microscopic, spectroscopic, and 
chemical, and it is well to remember that in testing for blood in the 
feces in cases of suspected gastric or intestinal ulcer it is necessary 
to place the subject on a meat-free diet for a few days prior to the 
test. The best chemical test is the formation of heemin crystals, but 
the spectroscopic test for haemochromogen is probably the most 
delicate. Both are used in medico-legal work. The old test with 
tincture of guaiacum and hydrogen peroxide, the blood causing the 
tincture to become bluish green, is very untrustworthy, as it is 
also given by many other organic substances. Tire test, for instance, 
is given by milk, and is there due to the presence of an enzyme 
called a peroxidase, which is destroyed by boiling. Boiled blood, 
however, gives the test as well as fresh blood, and the reaction 
is due to the presence of the iron-containing radical of. hBemoglobin. 
In Adler’s modification of tliis test, benzidine dissolved in glacial 
acetic acid takes the place of tincture of guaiacum: 

In testing whether or not a red fluid or stain on clothing is 
of blood, in a medico-legal case, it is • advisable not to rely on 
one test only, but to try every rneans of detection at one’s disposal. 
To 'recognise blood is usually easy, but to distinguish human blood 
from that of the common mammals fis possible only by the 
“ biological ” test. (See Specific Hsemolysins below.) 

The Storage of Blood and Blood-Plasma. — It is possible to 
store blood at low temperatures for a few weeks, and this has been 
found very valuable for the emergencies of war time. It is 
apparently safe to' keep blood for a month without any deleterious 
affects, but thereafter the older corpuscles die and the oxygen- 
carrying power of the blood is affected. Slowly methsemoglobin is 



346 


THE BLOOD 


[CH. XXII. 


formed. The blood must be kept sterile but not frozen or the 
corpuscles will break up. To avoid this difficulty, extensive use 
has been made of stored blood-plasma and of dried or concentrated 
plasma, which has the advantage of portability; it is diluted with 
water as required. It is dried in a vacuum at a low temperature 
to avoid the coagulation of its protein. Fluid plasma, however, 
may, after a month, develop a toxic peptone with choline-like 
properties (Gilding) ; but how far this is present in sufficient 
quantities to be important is a matter of debate. 

Blood Substitutes. 

The physiological characteristics of blood must be considered 
from the point of view of substitutes which may be required to 
replace blood lost by haemorrhage. (See Doan, 1927.) 

If a suitable blood from another individual is not available 
to replace the lost blood, the fluid used must be as like the 
original as possible. In order to achieve this the fluid must 
contain sodium, potassium, calcium, and bicarbonate, as in Finger’s 
solution. Such a substitute would not, however, stay ' in ' the 
vessels, as it has not the requisite osmotic pressure. It is impossible 
to make up this pressure with additional salts, since these merely 
become excreted by the kidney, or escape into the tissues. As 
we have seen, an important factor in keeping the 'blood in the 
vessels is the osmotic pressure of the proteins, which normally 
counteracts the blood-pressure in the capillaries, which tends 
to force the fluid through the capillary walls. It is necessary to 
give a substance which is inert yet will supply the required osmotic - 
pressure and viscosity. 

It should be emphasised, however, that the injection of large 
quantities of . plasma or saline solution is unjustifiable. If large 
quantities of fluid are needed hsemoglobin must also be required. 

Further, it has been shown that when the blood-pressure has 
fallen because of a loss of peripheral resistance the injection of fluid 
cannot raise it to normal and the body simply becomes waterlogged. 


. Immunity. 

While strictly speaking immunity is part of Physiology, it is 
so closely related to reactions to bacterial invasion of the body 
that by convention it is now considered part of the subject of 
Bacteriology. 


CHAPTEE XXIII 


GENEKAL METABOLISM AND ENERGY EXCHANGES 

In general metabolism we consider the total amount of energy 
exchange wliich is going on in the body under varying conditions. 
That these exchanges are associated with a consumption of oxygen 
proportional to the activity of the body was first recognised by 
'Lavoisier in Paris in 1780. 

Energy. — When the fuel in an engine’s furnace is burnt, there 
is no real destruction of matter, for the products of combustion 
(COg, etc.) are equal in weight to the original fuel, plus the oxygen 
of the air which has entered into combination with it. During this 
combustion or oxidation, energy is liberated, and energy; like matter, 
is also indestructible though it exhibits transformations. In the 
unburnt fuel the energy is latent or potential, but as the coal burns 
three forms of actual energy or force are liberated : one of these is 
light, another is heat, and the third is mechanical work which makes 
the wheels go round. There is a fixed relationship between these 
forms of energy; heat, for example, can be transformed into 
mechanical work, but always in a definitely fixed 'proportion. 
Energy may be measured in terms of foot-pounds, horse-power, or 
in heat-units, as is done by gas companies and in physiology. 

The Calorie * (the large calorie) is the amount of heat required 
to raise the temperature of one kilogram of water from IG” to 17° 
Centigrade, and the instruments which measure the calorific value of 
substances are called calorimeters. 

The data necessary for the study of the energy exchanges of 
the body are determined by the process known as calorimetry. 

The Bomb Calorimeter. — The heat of combustion of any of the 
food substances or of the excreta was originally carried out directly 
by an apparatus known as the bomb calorimeter. It consisted 
essentially of a chamber or bomb surrounded by a water-jacket 
in which the food was set alight by an electric current in an 
atmosphere of oxygen. The heat produced could- be calculated from 

* The British Thermal Unit is 251 '9 small calories and is the amount of heat 
required to raise one pound of water from 60° to 61° F. A therm is 100,000 of 
these. The small calorie is a ujiit in which 1 gram takes the place of the 
kilogram (1000 grams) in the large calorie. 

34T 
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the rise in temperature of the water, allowance being made for the 
heat produced by the current itself. 

It has been found in practice, however, that it is very difficult 
to avoid heat-loss from such an apparatus and generally it is most 

convenient to apply the 
method of indirect calori- 
metry. This consists 
essentially of measuring 
the oxygen used in 
oxidising the fuel and 
calculating the heat pro- 
duced. The apparatus 
described (fig. 141) is 
that used by Benedict at 
the Carnegie Hutritioii' 
Laboratory in Boston. 
It consists essentially 
of a small glass chamber 
(A) in which' combustion 
by means of electricity 
is carried out and to 
which is connected a 
spirometer containing 
oxygen. The gases are 
kept circulating by means 
of a fan and the carbon 
dioxide evolved is ' ab- 
sorbed by soda-lime. 
The reduction in the 
amount of oxvgen can 
be read off. 

Any given oxidation 
will always produce the 
same amount of heat. 
Thus, if we oxidise a 
gram of -carbon, a known amount of heat is produced, whether 
the element is free or in a chemical compound. The following 
figures show the approximate number of Calories produced by 
the combustion of 1 gram of the following substances : — 
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Fia. 141, — Diagram of the apparatus used for indirect caloriinetrj'. 
S, spirometer for oxygen, which can be replenished through K. 
C, a fan to maintain the circulation of the gases. B, soda-lime 
to absorb carbon dioxide. At X may be attached a small 
chamber (A), in which food may be burned electric,ally, a 
small animal housed, or a mouth-piece for man. The fall 
in the volume of oxygen in the spirometer indicates the 
amount used. (Benedict.) 


Fat average . . ' .9-3 

Oarboliydrate average . 4-1 

Protein In body . . . 4’1 

Protein In calorimeter . 5 -6 


Starch . 
Glucose 
Cane-sugar 
Alcohol 


4-2 
3-7 
3-9 
7 -OS 


It is, however, most important to remember that the “ physiologi- 
cal heat- value ” of a food may be different from the “ physical heat- 
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value, i.6., the amount of heat produced by combustion in the body 
may be different from that produced when the same amount of the 
same food is .burnt in a calorimeter. Incompletely burnt products 
of protein metabolism such as urea, uric acid and creatinine are 
excreted in the urine and .fseces, and a small amount of heat is 
recLuired for the solution of the protein and its products. When 
these are allowed for, the calorific value of protein is practically that 
of carbohydrate (Eubner). This is a fact which is not generally 
appreciated. The taking of proteins is an unnecessary and very 
expensive way of supplying calories to the body although they 
have important values in other respects. Ho difference between the 
physical and physiological heat-values of fats and carbohydrates 
exists, provided, of course, that all the fat and carbohydrate in 
the food is absorbed. The figures indicate that fat is a much 
better source of energy than carbohydrate and that it is also the 
better method of storing energy from the point of view of weight. 

The energy transformed ’in the body is also expressed as heat. 
Other forms of energy, such as physical work, must also be taken into 
account, one small calorie being equivalent to 426*6 gram-metres. 

Methods of Studying Metabolism. — We may study metabolism 
or the burning of fuel in the body just as we may study the burning 
of food outside the body, that is, directly or indirectly. In the 
former, we find the amount of heat produced by the body imder 
varying conditions ; in the latter, we find the S'Riount of oxygen 
consumed in a given time and from our 'knowledge of the nature 
of the fuel which is being oxidised in the body we can arrive at an 
idea of the amount of heat produced. 

The direct method consists of putting the' individual -or animal 
into a calorimeter. The heat produced indicates • the rate of the 
general metabolism, but as has been said the difficulty of preventing 
loss of heat from such apparatus is so great that they have now 
largely been givSn up. They are, however, of considerable historic 
interest since all the basal work was done -with them. 

The original calorimeter was invented by Atwater with the assistance of the 
physicist -Rosa and improved upon by Benedict. It was capable of measuring 
a given amount of heat generated electrically with great accuracy. 

The ^tioater-Benedict Respiration Calorimeter (fig- 142) consists of a room with 
non-conducting walls. Through this run coils of water-pipes, fitted with metal 
discs. Only one of these tubes is shown in the figure (A). Any rise of the 
temperature of the room is at once taken up by the discs and communicated to 
the water. The whole of the heat production of the individual in the calorimeter 
is therefore spent in raising the temperature of the water. I he amount of water 
which goes through the pipes multiplied by the difference in the temperature of 
the Avater as it enters and as it leaves the calorimeter, gives the heat output of 
the person within it. This temperature is ascertained by the thermometers (f, f). 

In the food calorimeter it is possible to ensure the complete combustion of 
the substance placed in the chamber. It'is not possible to ensure the complete 
oxidation of the food eaten. For instance, food may be retained and assimilated 
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with a^in of weight to the individual. This difficulty is met in the following 
way. The air of the calorimeter is kept circulating through a series of chambers 
hi "^hich the carbon dioxide and the water are absorbed, and subsequently 
estimated. As the oxygen is used up by the individual, fresh oxygen is admitted 
in known quantities. The urine and fasces are analysed as well as the air at 
the beginning and end of the experiment The foUowing additional data ’are 
therefore forthcoming: (I) the carbon,' hydrogen,- and nitrogen given out by 
the body ; (2) the oxygen taken in, and from these the amounts of protein, fat 
and carbohydrate metabolised in the body, can be calculated. The apparatus 
combines therefore the direct and indirect methods of studying metabolism. 

In the calorimeter is a bicycle, the hind wheel of which is replaced by or 
connected with an arrangement, e.g. a dynamo or a hand' brake, by which the 
amount of work done can be measured. 


Water. 
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Fio. 142. — The Atwater-Benedict calorimeter. 


Oxj^gen enters.^ 


calorimeter is also supplied ivith a bed, a table, a chair, and a double 
window, through which food of known weight and composition can be supplied, 
so that an experiment may continue over two or tliree days, and the effect of 
work, sleep, vanous diets, etc., 'can be studied. 


The Benedict ^ differential calorimeter, now the only direct 
calorimeter used, is in some degree a simpler apparatus in which the 
heat given off is measured by finding the amount of heat (generated 
electrically) which mnst he supplied to keep the temperature of a 
control chamber up to that containing the animal or man. Both 
chambers are enclosed in a common outer chamber and differences 
m their temperatures are recorded- electrically. This calorimeter 
IS less liable to be affected by accidental errors such as leakage than 
the Atwater-Benedict type, which it has generally replaced. 

Indirect Methods. — These are the most convenient methods and 
are extensively used in the investigation of disease. - In all, the 
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amount of oxygen used in a given time is determined and the number 
of calories produced calculated therefrom. 

Scncdict s J^fctliod is that most extensively used clinically j the 
individual breathes, for a given time, to and from a spirometer 
containing pure oxygen, the carbon dioxide of the expired air 
being absorbed by passing it through soda-lime. The oxygen used 
may then be read off directly from the' spirometer. (See fig. 143.) 

The apparatus is essentially the same as that for- the indirect 
calorimetry of foods except that the apparatus es larger and the 
oxidation chamber connected at X in fig. 141 is replaced by a 
suitable mouth-piece or head-piece. In the., case of small animals 
the oxidation chamber may be of such a size as to contain the 
animal. Such a method was originally used by Haldane and 
Pembrey, who calculated the metabolism from the increase of weight 
of the soda-lime. For man the indirect method may be used in 
conjunction with the differential calorimeter described above. 

The Douglas Bag Method has the advantage of portability, and 
therefore can be used while the subject is .employed at a variety of 
tasks. In this method the expired air is collected in a Douglas 
Bag over a ^ven period, say of ten minutes. A sample is analysed, 
usually by the Haldane method, and the volume obtained by passing 
the contents of the bag tlirough a gas meter. The amount of oxygen 
consumed (usually 300 to 400 c.c. per min.) is obtained by subtracting 
the amount of oxygen found in the bag from that in the normal air. 
Several corrections for temperature and water vapoiu: have to be 
^ made in making the actual calculation, but these need not concern 
. us here. They are usually taken from tables. 

Having found the amount of oxygen consumed in ten minutes 

by any of these methods, we calculate the calories produced in 

24 hours. This depends on the nature of the fuel utilised. It 

must be realised that this’ is not necessarily the fuel taken in by 

the mouth, but also that previously stored in the tissues. It has 
been determined by burning food in a limited quantity of 'oxygen 
that, if carbohydrate is being burnt, 1 litre of oxygen produces 
5'05 Calories, -if fat 4'6 and if protein or a mixed diet 4'8. For 
practical purposes the average may be taken as 5 calories, for 
the variation in the metabolism of an individual from causes such 
as nervous tension and muscular relaxation introduces such a large 
error that only large variations are of clinical significance. 

In iiiore accurate research work it is necessary to take into consideration the 

COo given out „„„ ... . 

respiratory quotient (R.Q. )’ P- 288 . which gives an 

indication of the relative amounts of carbohydrate and fat being burned. The 
reason for this is as follows. ■ If carbohydrate was being burned, e.g. glucose 
(CgHiaOe), all the oxygen lost would appear again as carbon dioxide (COq) in the 
expired air, since the carbohydrate itself contains sufficient oxj''gen to oxidise its 
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own hydrogen. The respiratory quotient would therefore be unity and a litre of 
oxygen would have a heat equivalent of 5 '05 Cal. 

If, however, a fat was being consumed, e.g. tristearin CjyHjjqOb, ox 3 ’^gen would 
also be used in oxidising the hydrogen to form HgO. Thus, the amount of oxygen 
taken in would become larger than the amount of carbon dioxide expired and the 
respiratory quotient would become less than unity and the heat equivalent less 
than 5, e.g. an R.Q. of "7 would mean that a litre of oxygen produced 4 '6 C. 

On a mixed diet the B.Q. la about 0‘82, and since protein is about the average 
its effect on the quotient need not b^ considered. 

The higher the respiratory quotient (*.e. the more carbohydrate is being used) 
the more heat is produced by a litre of oxv'gen. 

It is necessary also to introduce a correction for the oxygen lost in oxidising 
hydrogen and which is lost as water. If the expired air contains 4 per cent COg 
and Id per cent, oxj'gen the rem.iinder, 80 per cent., must be nitrogen. Since the 
atmosphere contains 79'06 per cent N, it is evident that more oxygen per cent. 

must have been absorbed than appears, i.e. 20‘94 x 21'19, from which the 

amount of oxygen in the expired air must be subtracted in calculating the actual 
oxygen used. 

A correction must also be made in measuring the expired air for its increased 
temperature and water vapour, for all gases must be measured dry at 0°C. and 
760 mm Hg. This is usually done from tables. 

Basal Metabolism.— This is the metabolism which is necessary 
to maintain the essential functions when the individual is in a state 
of mental and physical rest, preferably asleep, during which work 
(internal work) is done by various internal organs to maintain life; 
cardiac activity, respiration, body temperature, for example, must 
be maintained. It varies with size, age, and sex, but for the 
average young adult it may be taken as 1700 calories. In certain 
conditions, notably hyperthyroidism, the basal metabolic rate may 
be increased. 

Small individuals and animals have a higher basal metabolism 
per unit of body-weight than large animals, as they have a relatively 
greater body surface from which heat is lost. 

For purposes of comparison metabolism is calculated in terms 
of calculated body surface wliich is weight 0-425 X height 0-725 x 
•007184. 

It is found that the average young man produces about 40 calories 
per square metre of body surface per hour. This is about 1 calorie 
per kilogram per hour. For practical purposes it may be noted that 
the basal metabolic rate Is proportional to the heart rate in the 
same circumstances, (See Talbot, 1925.) The rate for women is 
slightly higher in young women and lower in older. 

The Metabolic Rate depends chiefly on the physical, activity 
of the individual, as is seen by the following table : — 

Man in bed 24 hours uses and requires 

(basal metabolism) , . 1,680 large calories. 

In bed 8 hours, sedentary occupation for 

16 hours . . . . 2,170 „ 
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Bed, 8 hours; in a chair, 14 hours; 

■ walking, 2 hours . . , 2,500 large calories. 

Active outdoor life . . - , 3,500 

Eider in a 6 days’ bicycle race per day , 10,000 ,” 

It can then be said that for a given subject the metabolic rate 
indicates the amount of body tissue in activity. 

These figures are of very great importance since on^ the basis 
of them a nation may be rationed in time of stress and the diet 
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Fio. 143. — A typical record of metabolic rate taken by a spirometer (see fig. 98).* The dotted line 
indicates the increased rate caused by taking glucose (from records kindly supplied;by Gilding). 


of the individual adapted to his needs, which are indicated by his 
metabolic rate. Buel must be supplied to replace that burnt, 
otherwise the body will consume its own stores and become wasted. 
(See Diet below.) The first accurate experimental studies in such 
subjects were published by- Liebig in 1842, but the foundation of 
all calorimetric work was laid by Voit who in the latter half of 
the nineteenth century founded the Munich School. This was 
greatly extended by his pupil Eubner, subsequently of Marburg 

* With the more elaborate Benedict spirometer the position of the writing lever 
causes the record to read from below upwards. 

M 
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Of recent years such studies have been largely concentrated in 
Benedict’s laboratory in Boston, U.S.A. (See also hlewburgh, 
Johnston, and others; also Du Bois, 1936.) 

The diet itself may affect the metabolic rate, particularly the 
amount of protein taken, for all food stimulates metabolism. This 
is known as the specific dynamic action of, food and is discussed 
further below. External cold also increases the rate. 

The Control of the Metabolic Rate. — The metabolic rate is 
controlled through the agency of certain ductless glands, especially 
the thyroid. 


THE THTROm GLAND. 

The thyroid gland is situated in the neck. It consists of two 
lobes, one on each side of the trachea; these lobes are connected 
across the middle line by a middle lobe or isthmus. It is highly 
vascular. 

The gland is encased in a capsule of dense areolar tissue. This 
sends in strong fibrous trabeculae, which enclose the thyroid vesicles — 
which are roimded or oblong sacs, consisting of a wall of thin 
hyaline membrane lined by a single layer of short cyhndrical or 
• cubical ceUs. These vesicles are filled with transparent coUoid 
nucleo-protein material. The coUoid substance increases with age, 
and the cavities appear to coalesce. In the interstitial connective- 
tissue is a capillary plexus, and a large number of Ijmphatics. 

Function. — It has been definitely established that the thyroid 
gland regulates the metabolic rate, and in the young, the growth 
of the body. This conclusion has been arrived at by observations, 
both on man and on animals. 

The Effects on Metabolism. 

The Effect of Thyroid Deficiency {Hypothyroidism). — This 
condition may be produced experimentally in animals; it may 
occur spontaneously, or he produced surgically in the human subject. 
The basal metabolism becomes very low and the outstanding 
feature is slowing down of mind and body. There is, as a result, 
an accumulation of fuel in the form of fat, the pulse slows, 
and in^ man there is peculiar degeneration of the subcutaneous 
tissues which has caused the condition to he called myxcedema. 
The face and hands become grossly swollen, and this, together 
with the accumulation of fat, makes the body very unwieldy. 
The skin is dry and scaly and the hair falls out. The mentality 
is dull and the patient answers simple questions very slowly. 
The condition is completely cui’ed by the administration of extract 
of thyroid from other animals. (See fig. 143 a.) 



After 15 months’ treatment. 


After nearly'30 years’ treatment. 

Case of llyxop.dema .showing the beneficial effect of thyroid extract over a long period of years. 

(From the originals of Eaven.) 
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When the- condition occurs in a child the disease is known as 
cretinism, in which the subject is commonly an idiot and a dwarf, 
with all the characteristics of slowed metabolism. It was, indeed, 
the similarity between this state in the child and the state produced 
by surgical removal of the organ in man, which led to the discovery 
of the function of the glands, especially after Schiff the physiologist 
had dejnonstrated that surgical removal of the whole gland in dogs 
was followed by death. Nowadays, the whole of the gland is not 
removed. Cretins, which were usually the children of myxoedematous 
mothers, are now very rare. 

Nothing is more striking than the way in which cretins who 
- otherwise would be idiots, under the influence of thyroid extract, 
grow into useful members of society. Here, as in the, treatment of 
myxcedema, the results of experimental investigation (for the facts 
were not fully established until Schiff performed his experiments 
on dogs) have proved of the greatest service to mankind. 

The Effect of Thyroid Excess (Hyperthyroidism). — This occurs 
when the thyroid becomes excessively, active in man, and rarely 
from excessive administration of the extract. There is an increased 
activity of mind and body. The nervous, system is hyperexcitable, 
e.g. the reflexes are increased and there are fine tremors of the 
hands. It is this excitability which commonly draws attention 
to the state. The metabolic rate is markedly above normal; the 
individual uses up all his stores of fuel and becomes thin;' the 
heart rate becomes excessive; there' is sweating. In man there . 
is often produced a characteristic protrusion of the eyeballs, which 
has caused the name exophthalmic goitre to be given .to the condition 
(fig. 143a). This does not occur when the hyperthyroidism is caused 
by administration of the extract, but is produced in animals if 
the long-acting sympathetic stimulant ephedrine is administered. 
The protrusion of the eye is caused by the contraction of the smooth 
muscle in the connective tissue behind and around the eyeball. 
Death occurs from exhaustion, especially, of the heart, but is 
prevented by partial removal of the organ or its destruction by 
X-rays. 

The success of such treatment furnishes coinplete proof that 
the disease is really due to the thyroid, but it has also been found 
that the blood of patients suffering from the condition has, like 
thyroid extract, the power of protecting mice against the poisonous 
effects of aceto-nitrile (CHgCN). 

The Relation of the Thyroid to Growth. — In young animals in 
which the thyroid has been removed, as in children in whom the 
thyroid is deficient, there is a marked retardation of physical and 
mental "growth. 

■ The effect on growth appears to depend not wholly on metabolism, 
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but also on the relationship of the thyroid to the growth of 
cells. It is found that tadpoles fed on thyroid develop much more 
rapidly into frogs, although smaller than normal, than do controls 
not so fed (Gudersnatch). Indeed, this is now a usual method for 
standardising thyroid extract. The Mexican axolotl, which in nature 
remains permanently in the tadpole stage, develops proper legs and 
becomes a land animal under the influence of thyroid. The adminis- 
tration of iodine appears to have a similar effect, which is probably 
due to an increase in the ease with which thyroxine can be elaborated 
since the effect depends on the presence of the thyroid. 

The activity of the thyroid is closely linked up, as shown 
particularly by Marine, with the metabohsm of iodine, interference 
with the supply or absorption of which may lead to a form of 
thyroid disease known as simple goitre, which is a swelling of the 
gland due, apparently, to an accumulation of colloid material, but 
not necessarily associated with any symptoms. It is specially 
prevalent where chalk abounds, as in Derbyshire, and in many 
districts iodine is administered to children as a preventive measure. 
M'Carrison has shown that simple goitre may be produced by 
infection and thus explained the occurrence of so-called goitre weUs. 
He showed that if fishes so infected were placed in the middle 
of three pools through which water flowed from one to the other, 
the fishes below were infected but not those in the pool above. 
Apparently bacterial conditions may occur in the intestine, wliich 
interfere with the absorption of iodine and in such cases the goitre 
may be kept in check by the use of intestinal antiseptics such 
as thymol He has also emphasised the role of the diet in the 
causation of goitre, especially of fats which tend to fix iodine, and 
a certain variety of American cabbage. Goitre is also produced by 
the injection of an alkaline extract of the anterior lobe of the 
pituitary body. Iodine will not, however, cure the goitre of scurvy 
or a variety which is brought about by ligature of the pancreatic duct. 
Small doses of iodine are also found to be of definite advantage in 
exophthalmic goitre, but the effect is temporary. 


Thyroxine. 

Long before the above facts were known it was realised that the 
thyroid gland contained iodine in varying amounts according to 
the diet of the animal. Delicate chemical methods have shovm that 
many of the common articles of diet (milk, eggs, onions, carrots, etc.) 
contain this element in sufficient quantities for our needs. It has 
now been shown that the active principle of the thyroid contains 
iodine in conjunction with the amino-acid tyrosine, and it has 
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been possible to produce thyroxine synthetically (Harington). Its 
formula is — 


I 

I 

C= 


I 


=CH C=CH 

HO,C< >-C-0-C< 

C CH C CH 


C— CH, . CH . NH, . COOH. 


This should be compared with the formula of tyrosine on p. 286. 
This constitution of thyroxine emphasises the importance not only 
of iodine but also of tyrosine in the diet. Thyroxine is excreted in 
the bile. 

The action of thyroxine can apparently be antagonised by the 
pyramidine, thiouracil, a derivative of nucleic acid. 

The drug has now been successfully used .for the alleviation of 
hyperthyroidism although it has no permanent effect on the condition. 
The use of thiouracil is not, however, free from risk. 


The Control of Thyroid Activity. 

The thyroid is probably thrown into activity by the sympathetic, 
since stimulation of this nerve or the injection of adrenaline causes 
a current of action to be produced in the gland, while if an animal 
is exposed to cold which increases sympathetic activity and the 
gland examined it is formd to be very active, as indicated by a large 
number of cells and a relatively small amount of colloid. ' It has 
been shown, too, that animals deprived of their thyroids die 
particularly readily from exposure to cold. It may therefore be 
considered that the function of the thyroid is to adjust the' meta- 
bolic rate to the needs of exercise and body temperature. Increased 
secretion, however, has not yet been demonstrated. It has been 
claimed that some cases of exophthalmic goitre have resulted from 
fright, but the most suggestive experiments ^regarding the control 
of the thyroid by the sympathetic are those of Cannon, who obtaiaed 
the symptoms of hyperthyroidism by anastomosing the phrenic with 
the peripheral end of the cervical sympathetic. The administration 
of anterior pituitary causes increased thyroid acti^dty and growth 
and there appears to be an inhibitory control by the adrenal cortex. . 


The Conservation of Energy. 

From calorimetric studies it becomes e^ddent that the Law of 
the Conservation of Energy is applicable to the animal body. 
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The following table exhibits the relation between the production ’ 
and discharge of energy in twenty-four hours in the human organism 
at rest, estimated in calories. The table conveniently takes the form 
of a balance-sheet in which production and discharge of heat are 
compared; to keep the body-temperature normal these must be 
equal. The basis of the table in the left-hand (income) side is that 
recommended by Yoit. 


■ Production of heat. Large 

Metabolism of ' Calorics. 

Protein (120 gm.) . 120x4 = 480 

Fat (100 gm.) . . 100x9-4 = 940 

. 333x4-16=1385 


2805 


Carbohydrates -i 
( = 333 gm. starch)/ 


Discharge of heat. 

Large 

Warming water in food. 

Calories. 

2-6 kilos X 25 

= 65 

Warming air in respiration, 

16 kilos X 25 X 0-24 

= 96 

Evaporation in lungs, 

630 gm. X 582 

= 366 

Radiation, evaporation, etc., 
at surface, plus the thermal 
equivalent of mechanical 
work done accounts for the 
remainder .... 

2278 


2805 


- The figures under the heading Production are obtained by multi- 
plying the weight of food by its physiological heat-value. The 
figures on the other side of the balance-sheet are obtained as follows : 
The water in the food is reckoned as weighing 2'6 kilos. This is 
supposed to be at the temperature of the air, taken as 12° C. ; it has 
to be raised to the temperature of the body, 37° C., that is, through 
25° C. Hence the weight of water multiplied by 25 gives the 
number' of calories expended in heating it. The weight of air is 
taken as 16 kilos ; this also has to be raised 25° C., and so to be 
multiplied by 25 ; it has further to be multiplied by the specific heat 
of air (0-24). The 630 grams of water evaporated in the lungs, 
must be multiplied by the potential or latent heat of steam at 37° C 
(582) ; the portion of heat lost by radiation, conduction, and evapora- 
tion from the skin constitutes about four-fifths of the whole, and is 
obtained by deducting the three previous amounts from the total. 
This table does not take into accoimt the small quantities of heat 
lost with urine and faeces. If the man does external work the 
amount of energy dissipated is increased, and he- would, in 
consequence, require more to be supplied in the form of food. 
"V^ery few men in active work get on well with a smaller supply 
than 3500 calories in their diet. 

We may state the general results of experiments of this nature 
as follows : — 

1. If an animal is doing no external work, and is neither gaining 
nor losing substance, the potential energy of the food (expressed as 
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its heat of combustion) will be equal to that of the excreta, 
that given off as heat,^/ws that of internal work.*- 

2. If an animal is doing external work, and is neither gaining 
nor losing substance, the potential energy of the food will be equal to 
the heat of the excreta, plus that given off as heat, plus that of the 
internal and external work. 

3. If an animal is doing no external work, but gaining or losing 
body-substance, the potential energy of the food will equal the 
potential energy of the excreta, plus that given off as heat, plus that 
of the internal work, y)Z?4s that of the gain by the body-substance 
(a loss by the body being regarded as a negative gain). 

4. In an animal doing external work, and gaining or losing body- . 
substance, the potential energy of the food will equal the potential 
energy' of the excreta, plus that given off as heat, plus that of the 
internal and external work, plus /that of the gain (positive or 
negative) of the body-substance. 

Of the heat produced in the body, it was estimated by Helmholtz 
that about 7 per cent, is represented by external mechanical work, 
and-^that of the remainder about four-fifths are discharged by radia- 
tion, conduction, and evaporation from the skin, and the remaining 
fifth by the lungs and excreta. This is only an average estimate, 
subject to much variation, especially in the amount of work done. 

Body-Weight depends on the relative amount of energy taken in 
and lost — ^potential energy being stored in the form of fats. In the 
young the income exceeds the expenditure and the body gains in 
weight, but a balance is usually arrived at later. The law of the 
conservation of energy holds in relation to stout persons whatever 
their own opinion of the matter ! Many simply eat too much. 

To gain weight it is necessary to take in more calories than are 
expended. . Children often expend large amounts of energy and 
since their body surface is relatively large the smaller they are the 
faster their basal metabolic rate. 

To lose weight the reverse is necessary and in order to satisfy the 
appetite, foods such as fruit and green vegetables are taken rather 
than fats and carbohydrates. Proteins free from fat are to be 
preferred to carbohydrates because of their stimulating effect on 
metabolism. Sometimes thyroid extract is taken as a metabolic 
stimulant, but care must be taken because of its cardiac effects. 

A pulse rate over.lOO may be regarded as a danger signal. Whatever 
the methods used to change the body- weight it should be emphasised 
that the process should be gradual or it becomes imsafe. 

It is, however, well known that some normal individuals cannot 
get fat or tliin at wiU. There is little difference in their basal 

* If we include the excreta we do not include the warming of food. . 
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rate, but apparently there is considerable variation in the response 
to protein, the thin person being unduly stimulated by it. 

Abnormal increase of body fat occurs in deficient activity 
of the thyroid gland and the pituitary body which affects carbo- 
hydrate metabolism. 

The requirements of the young in regard to body-weight are 
more extensive than those of the adult, for materials have to be 
taken in to support growth. As will be seen later, in addition 
to sufficient- calories an optimal protein and salt intake is necessary 
and vitamins specially needed for growth must be supplied. 

The Extraneous Factors in Dietetics. — It should, however, 
be pointed out that in dietetics much more has to be considered 
than calorific and protein value and these are of great importance 
to the practising p%sician. I'or example, a diet with no fat tends 
to he digested and absorbed rapidly and is, therefore, not satisfying, 
and results in hunger between meals. On the other hand, excessive 
fat, especially in some individuals, results commonly in dyspepsia 
because it reduces stomach movements and the secretion of gastric 
juice, but later leads to an increase when the stomach is empty. 
Fried foods are, therefore, less desirable for sick persons than boded. 
Fatty fishes, like herring and mackerel, have a similar disadvantage. 
The quality of the water also affects nutrition. Hotably water 
containing much calcium tends to interfere with the absorption 
of iodine and to produce goitre, and there seems little doubt that 
this factor is of greater importance than is generally recognised. 

Finally, there is the inffividual variation which has been referred 
to above in relation to body weight. There is also a considerable 
variation in digestive capability, wliich may be inherited or acquired, 
and also abnormal (allergic) reactions to specific foods may be 
present. 
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The Quality of the Diet. — Erom what has been said of the chemical 
constitution of the body, it is evident that a large variety of substances 
must he supplied to nourish the body adequately. They are: — 
(1) Protein, the most important constituent of meats. (2) Carbo- 
hydrate, contained in starchy and sugary substances. (3) Eats. 
(4) Water. (5) Salts. (6) Vitamins. It is only of recent years 
that the importance of the latter two constituents has been realised, 
hut it has rapidly become apparent that they are important out of 
all proportion to the amount taken. It may indeed be said that 
the kind of food taken requires as much consideration as the 
amount. The differentiation of foods into their different classes 
was, however, made by Magendie as early as 1820. 

' General and convenient discussions of the subject of nutrition 
in general are given by Graham Lusk, in whose classical work much 
of historical interest is given, by Sherman and Lanford, and by 
Xixon-u,nd Nixon. 

As originally pointed out by Liebig, food is necessary to build 
up tissue and to act as a source of energy. The former function 
is more particularly the duty -of the protein of the diet, the latter 
is performed for the most part by the fats and carbohydrates. 

The water is necessary to promote the solution of substances 
during absorption, metabolism, excretion, etc., while the salts and 
accessory substances act as general regulators of body processes. 

It is also important that the foodstuffs should be provided in 
a digestible form. As an instance of this many vegetables, notably 
peas, beans, lentils, contain even more protein than beef, but they 
are not so nutritious, as they are less digestible, much passing 
out in the fseces unused. 

The food also must have a certain minimum bulk, in order 
that it may stimulate the intestine and so be propelled along 
• the gut. Most natural foods contain a certain amount of indigest- 
ible material or roughage, such as cellulose, which is not much 
affected by the digestive juices and which keeps up the bulk 
of the"^ intestinal contents. Unfortunately, many modem foods, 
e.g. white -flour, have this roughage removed by purification, and it 
is claimed that this is responsible for constipation. 'When such 
861 
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articles of diet are eaten the necessary roughage should be added 
in the form of fruits and vegetables which contain cellulose. 

In considering the amounts of the various body requirements 
we may roughly eompare the body to a steam engine. To 
maintain this in order it is necessary to supply it with fuel and 
also to repair worn parts. The burning of the fuel gives rise to 
heat and also generates the work which it is the object of the 
engine to accomplish. Food in relation to the body fulfils the same 
two uses, for it undergoes combustion and thus the bodily heat is 
kept up, and work is rendered possible. Food also achieves the second 
function, and supplies the material for the repair of the body’s 
framework which undergoes wear and tear as a result of activity. 
Here, however, the body is superior to the engine; in the case 
of the latter, repair has to be accomplished by means of “spare 
parts,” or at any rate of material similar to those originally 
employed in the construction of the machine; the living. body is 
able to utilise for repair certain materials, the. proteins, etc., in the 
food which are not identical with its own substance, but which 
are rendered identieal by digestive/and metabolic processes. 

The Requirement of Protein. 

How much protein is really necessary in the diet is a subject 
which has been much discussed and wliich is of considerable 
importance, since tliis constituent of the diet when taken as meat 
is much more expensive than the others and there is evidence that 
excess may be harmful in that it may tlnow unnecessary strain on 
the organs which have to deal with it. 

When we take in protein we do so essentially to replace tissue 
wastage which is indicated theoretically by the nitrogen excreted 
when no nitrogen is taken in the food; we must consider whether 
or not the minimum intake of nitrogen to replace nitrogen lost 
is really the optimum. As we shall see, the form in which the 
nitrogen is taken is of great importance. 

By far the most important experiments on this subject are those 
of Chittenden on himself, his colleagues, and Iris students at Yale 
University, and on soldiers and athletes, over comparatively long 
periods of time. The protein intake was reduced to less than half the 
quantity hitherto regarded as necessary. There were ho imtoward 
results ; indeed, it was stated that the muscular force in an athlete 
was increased. Mental activity was claimed to be undiminished, and 
the desire for rich food soon disappeared. 

The important character of Chittenden’s work gave the faddists 
on matters of diet an important opportunity of being listened to. 
There was, for instance, a group of these to whom the very necessary 
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act of chewing assumed almost the nature of a religious ceremony, 
and they have sought to convince mankind of its superlative 
importance. 

There are in connection with the Chittenden diet several circum- 
stances that should make us pause before we accept his conclusions 
to the full. Many people eat too much; would it be advisable 
for us all to eat too little, and is Chittenden’s diet too scanty ? 

IsTo doubt the over-eaters would benefit by eating too little for a 
time. They would give their overtaxed digestive and secretory 
organs a necessary rest, and have time to consume some of their 
accumulated stores of material. It is quite possible that the benefit 
noticed in some of the subjects of Chittenden’s experiments was 
due to such a circumstance as this, or to the regular life they 
were compelled to live, quite apart from diet altogether. But to 
eat too little as an ordinary and permanent thing is quite another 
matter ; and it is interesting to be able to record that most, if not 
all, of the subjects of Chittenden’s experiments returned to their 
previous dietetic habits. 

, So far as it is possible to read history correctly, man has always, 
where he can, taken instmctively more protein than Chittenden 
would allow him, and with few exceptions, the meat-eating nations 
are those which have risen to the top. 

If one may draw correct deductions on questions of diet from 
animals, a restricted diet over a long period proves detrimental. 
Moreover, a careful study of Chittenden’s own analytical figures, 
such as Benedict has made, shows there was in some cases distinct 
impairment of health. 

But still the question remains, why an apparently large 
excess of nitrogen which the body casts out -witlnn a few hours 
should be advisable? The answer to this appears to be, that 
though most of the cleavage products of protein metabolism are 
dealt with in this way, there are some which are especially precious 
for tissue reconstruction, and it is for these that we put up with 
the excess of waste. The large size and activity of the normal liver 
seem to .be for the express purpose of dealing with this waste 
rapidly. 

Nature does not work in minimums ; Leathes .puts it very well 
when he says it is not considered unphysiological to take more food 
than will yield ,the minimum of faecal refuse ; and he also points out 
that in the infant, even allowing for its growth, the normal amount 
of milk provided for it by nature is ten times greater than would 
appear to be the necessary minimum ; and this is probably a safer 
argument than the one so often used when the instinctive habits of 
past centuries of adults are appealed to. The Health Organisation 
of 'the League of Nations adopted a standard of 75 grams for the 
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average man of 70 kilos and slightly less for women, but in actual 
practice it may be said that there is so much protein in the natural 
foods that if sufficient calories are taken the protein intake will be 
adequate. Even the articles richest in carbohydrate, such as flour 
and potatoes, contain considerable quantities of protein, but it must 
be realised that these are not really natural foods, but have been 
specially developed to produce a large carbohydrate yield. 

It is probable that young growing animals have a larger protein 
requirement than adults. It is usually considered that" adults 
require about half that o'f an infant on milk ; indeed this is clearly 
shown by a study of the amino-acids necessary for growth and 
for maintenance (see Protein Utilisation and Synthesis). 

It would seem, however, that there may be an optimum protein 
intake. Young rats have been found to hve longer and to have 
higher body- weights if fed on this optimum (about 16 per cent.) 
than those given amounts above or below this (Slonaker). 

As we shall see later in relation to the use of protein in the 
body the proteins are necessary not only for repair but contain 
the amino - acids from which the body manufactures some of 
its most important regulators such as thyroxine, adrenaline, 
and insulin. The possession of such substances in abundance 
must contribute materially to the well-being of t^he individual 
and' may assist him also in repelling bacterial invasion. It has been 
suggested that such undefined qualities as “energy” and stamina, 
in part at least, may depend on proteins, but the psychological , 
make-up of the individual is probably as' much concerned. 
The subject is .dealt with in more detail in relation to protein 
synthesis. 

The Specific Dynamic Action of Protein. — Protein has one 
property out of all proportion to that possessed by other foodstuffs : 
it very largely increases the production of heat in the body. People 
(as in Chittenden's experiments) on a low protein diet suffer intensely 
from the cold. One can double the heat production in a dog by 
giving it a large quantity of meat. The extra heat appears to 
be due to the deamination of amino-acids and the formation of 
urea (Wilhelmj). Experiments with glycine and other amino- 
acids have proved this fully. Protein acts then as a chemical 
stimulus 'to metabolism, and not in vdrtue of its energy-content. 
This s^pecific dynamic action of protein must not be lost sight of in 
settling the right amount which we should take in our daily food. 
Eoughly speaMng, all the calories liberated in carbohydrate com- 
bustion may be used to produce work : the figure in fat combustion is 
nearly but not quite so high, while only about 70 per cent, of the 
protein calories are capable of conversion into any form of energy other 
than heat. As we have already observed, the specific dynamic action 
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of protein may vary in different individuals. A small increase of 
metabolism is produced when glucose is utilised (fig. 143). 

Sources of Protein. — The main source of proteiu is the flesh 
of animals and fishes, but we can also get protein in milk, cheese, 
potato, and even flour contains about 10 per cent. ; the 
leguminous foods, peas, beans, lentils, also contain large quantities. 
These useful vegetables contain as much protein as beef and mutton, 
and if properly cooked are almost as easily digested. Nevertheless 
some proteins are better adapted to animal nutrition than others; 
the most adaptable are those of animal origm; but there are some 
vegetable proteins which are nearly equal to them, and of these the 
protein of potato stands pre-eminent; but unfortunately the potato 
does not contain very much (see The Biological Value of Protein). 

Meat is eaten because it forms a concentrated form of easily 
digestible protein, and protein is the great repairer of tissue waste. 
As a source of energy, it is about equal to carbohydrate and far 
inferior to fat ; considering its price its use is therefore not 
economical. The man who works hard physically requires little more 
meat than the man in the arm-chair. The “Eoast Beef of Old 
England ” is really not the source of a large amount of energy, however 
much the contrary may be believed by those ignorant of physiological 
principles. An engine called upon to do more work does not 
. necessarily want repair : what it needs is more fuel (coal or petrol). 
The human engine, if healthy, is the same; the invalids who do 
need repair are dealt with on different lines. It must be admitted, 
however, that meat, especially if fatty, delays the onset of hunger 
longer than carbohydrate. This is often confusing to those who 
have not the required knowledge (see Hunger). 

The war - time allowance of meat is quite sufficient for 
physiological purposes, and the reduction is of great benefit 
to those who had been big meat-eaters previously. The difference 
between meats lies largely in their palatability and their digesti- 
bility, i.e., the readiness with which the digestive juices can. penetrate 
between their muscle-fibres. The white flesh of chicken and fish 
of - “ light diet ” is considered to be more readily digestible and 
hence it is given in illness when digestion is impaired. Prom our 
knowledge of digestion we know, however, that the cooking'. is 
often quite as important as the choice of the article in promoting 
digestion. 

Many of the cheaper cuts of meat properly cooked and the 
flesh of the cheaper fishes Such as herring and cod, or cheese are, 
as satisfactory sources of protein, not inferior to more expensive 
varieties. Eish is more expensive from this point of view than meat 
since it contains a smaller proportion of protein and more water. 
Freezing does not affect the nutritive value of food, but if flavour 
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is' to .be retained slow thawing is essential. There is, however, 
little accurate knowledge on the subject of flavour. 

Vegetarian Diet . — The facts regarding the constitution of proteins, 
in spite of the pleadings of vegetarians, go most emphatically to 
show that vegetable proteins are not so valuable as animal proteins, 
which contain more adequate amounts of the essential amino-acids — 
a consideration which is specially important in the young. We 
shall also see later that the nitrogen requirement of the .body is 
more readily supplied by meat, eggs, and milk, than by any other 
source of protein. Moreover, as we have already noted, vegetable 
proteins are as a rule less digestible than those of animal origin. 

The Daily Calorie Requirement will depend on the size of the 
man, on the temperature to which he is exposed, but chiefly on 
variations iu his physical activities, as is in^cated by the study 
of the average metabolic rates of persons employed at different 
occupations. This has already been discussed in the previous 
chapter. A man of average size who stays in bed for the twenty- 
four hours needs about 1700 large calories in the day to maintain 
his temperature and his respiration, to keep his heart beating, and . 
so forth. The remainder of the calorie supply in an active person 
can be utilised for the performance of work. The peace-time 
allowance for a man doing a day’s moderate muscular labour is food 
equivalent to about 3400 calories, and under condition of extreme, 
work this may rise to 4000 in a day or even higher. 

The British civilian ration during war is below the 3000 level 
for those not engaged in severe physical work. At such a time 
the civilian population has to put up with such a trivial 
hardship in order that active workers (mxmitioners, labourers, 
and men at the front) might get the share they reaUy needed. 
Those who are engaged on particularly hard physical work, e.g. 
woodcutters, requiriug 5000 to 10,000 calories, are unable to take 
all the calories they need in the form of carbohydrate and 
have to be given a special ration of fat in spite of the shortage of 
that commodity which is used for making mxmitions. The extra 
is conveniently supplied as fat bacon, and fat, as we have seen, 
is a condensed form of fuel, and it is this which is so necessary 
for stoking up the furnace when extia expenditure of energy is 
needed. 

In making calculations for large scale investigations, the sj'stem 
of man-values introduced by Cathcart and Murray is commonly 
used in which a man is considered as‘ needing I'OO, i.e. 3000 C., a 
woman 0’83, and children under three as 0‘40, OTO being added 
for each . two years until adult value is reached — at 14 }"ears. 
Persons over 65 years are calculated as 075. 

Rations for Brain-workers. — ^The brain works economically: 
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any measurable increase in energy-output is negbgible, and so it 
may - be at once said that the brain-worker requires no increased 
intake of food. The food must naturally be easily digestible; one 
cannot expect a man to do good mental work who is suffering 
from the pangs of dyspepsia, but beyond this anything further is 
unnecessary. 

The subject of the storage and loss of calories has been discussed 
further in the section on Body-Weight. 

The Balance of the Diet. — As has been stated in the previous 
chapter, each food constituent has a definite calorific value per 
gram : protein (in the body) Al, carbohydrate 4'1, and fat 9-3, but 
the relative amounts of each which may be taken depend largely 
on personal taste and on the actual articles of diet available. 

The various diets put forward by older investigators have much 
in common with those which have been officially recommended of 
recent years. 

It is considered that the figure 3400 calories should -be made 
up from 100 grams of protein, of which 50 grams should be 
protein of animal origin, 100 grams of fat, preferably of animal 
origin, 400 grams of carbohydrate. (Ministry of Health 
Committee.) ' 

The actual amount of carbohydrate may, however, be greatly 
increased according to the amount of physical work done. This 
allows for 10 to 15 per cent, of the daily calorific requirements 
to be derived from protein and for any waste due to , incomplete 
digestion and in preparation. Such a diet supplies more calories 
than the older diets of Voit or Kanke, which were, however, 
sufficient for sedentary occupations. Attention must also be paid 
to salt and vitamin requirements. An idea of what, under modern 
conditions, appears to be the best choice of diet from the point of 
view of cost and eflSciency is indicated by the tables given at the 
end of this chapter. 

The physical characteristics of food affect the amount which can 
be taken. Bor example, it would be theoretically possible to supply 
all the calories in the form of meat, but it would require some 
six pounds, and clearly the quantity would become unpalatable. 
Fat is essential when large amounts of- physical work are being 
done. If this constituent of the food is reduced, disagreeably large 
quantities of the other foods have to be taken to make up the 
required calories. 


Official Dietaries. 

Those who are responsible for the health of the nation have 
experienced very great difficulty in educating those whose finances 
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are limited in ttie choice of an efficient diet, for custom dies hard 
and it is difficult to obtain realisation of the fact that .cost, 
palatability, and efficiency are by no means parallel. The following 
tables, published by the British Medical Association, will act as 
a guide to those living on the ordinary mixed diet of temperate 
climates. They are designed to supply all the requirements -set 
out in the above chapter. The prices for meat are those for 
imported foreign products in 1936. The cost does not, of course, 
include that of cooking. 


Individual Weekly Diets. 

Diet No. 1 . — Bare ration. No variety. Man-value, 1. 


- - Item. 

Quantity. 

Price 

(1936). 

Protein 

(gram-e). 

Fat 

(grams). 

Carbo- 

hydrate 

(grams). 

Calories. 

Corned beef 

1 lb. 

s. 

0 

D. 

6 

119-2 

84-8 


1,278 

Cheese 

2 lb. 

1 

1 

233-2 

317-6 

28-2 

4,022 

Margarine . 

Sib. 

0 

3 

0-7 

288-5 


2,684 

Flour, or . 

7 lb. 


^ , 

320-6 

51-1 

2397-5 

11,620 

Bread . 

Hi lb. 

1 

n 

(367-9) 

(lO-l) 

(2454-8) 

(11,666) 

Sugar . 

IS lb. 

0 

4 


793-8 

3t2oo 

Potatoes 

31, lb. 

0 

2,1 

30-1 

6-4 

2S7-4 

1,306 

Tea 

|lb. 

0 

3 

• • • 



• •• 

Fresh fruit and 







green vegetables 


0 

7 

... 

... 


100 

Total weekly 








quantities 

... 

4 

lOi 

703-8 

742*4 

3506-9 

2}, 265 

Daily quantities 
per man . 

... 



100-5 

106*1 

501-0 

3,466 


Total firstrclass protein, 352 ’4 grams. 
Daily first-class protein, 50’3 „ 

Cost per man per week, 58 •25 pence. 


Notes . — Diet No. 1. 

Diet No. 1 gives quantities of protein, fat and carbohydrate, and of total 
calories adequate to support working capacitj'. This diet, although adequate in 
its principal constituents, may be deficient in vitamins and minerals, but the 
principal defect lies in the small number of its constituent foodstuffs. Though 
perhaps palatable for a period of one week, it would with longer use rapidly become 
monotonous and nauseous. In order to avoid tlie repugnance which woiUd inevit- 
ably follow the prolonged ingestion of such a diet, and to assure adequacy of 
vitamins and minerals, it is necessary to increase the number of foodstuffs so as 
to obtain greater variety. ' - 
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Dzct Stiffffcstcd Oid'iilt TQjtxotii^ hcbscd oti 50 qvclttis, Fivst'class 

Protein. Giving 1/4 pint milk. Man-value, 1. 


Item. 

Quantity. 

Price 

(1936). 

Protein 

(grams). 

Fat 

(grams). 

Carbo- 

hydrate 

(grams). 

Calories. 



s. 

I>. 





Beef . 

1 lb. 

D 

6 

85-3 

83-5 


1,126 

Minced meat 

ilb. 

0 

24 

42-7 

41-8 


563 

Bacon . 

lib. 

0 

3 

23-3 

122-9 


1,239 

Corned beef 

1 Ib. 

0 

3 

59-6 

42-4 


639 

Liver (Ox) . 

|lb. 

0 

IS 

22-6 

3-6 

5-0 

147 

Eggs . 

2 oz. 

0 

1 

6-3 

5-7 

0-8 

82 

Cheese 

ilb. 

0 

3J 

58-3 

79-4 

7-0 

1,005 

Milk . 

llpts. 

0 

5 

32-7 

35-7 

47-6 

661 

Fish (Cod) . 

ilb. 

0 

H 

16-6 

0-1 

... 

69 

Butter 

Jib. 

0 

24 

0-2 

94-1 


876 

Suet . 

1 oz. 

0 

OJ 

0-3 

26-4 

... 

247 

Lard . 

Jib. 

0 

14 


113-4 

... 

1,055 

Flour or 

4-i lb. 



206-1 

32-8 

1541-2 

7,470 

Bread . 

7 Jib. 

1 

04 

(237-0) 

(6-5) 

(1581-9) 

(7,518) 

Sugar . 

1 lb. 

0 

2j 


453-6 

1,860 

Jam . 

Sib. 

0 

3J 

1-1 

» * » 

236-1 

972 

Potatoes 

5 lb. 

0 

3S 

43-0 

0-5 

410-5 

1,865 

Peas (dried) 

Jib. 

0 

1 

23-1 

0-7 

64-7 

367 

Tea . 

Jib. 

0 

3 

• •• 

• • • 

. » » 


Oatmeal’ . 

ilb. 

0 

IJ 

27-0 

19-5 

158-7 

943 

Rice . 

jib. 

0 

OS 

6-7 

0-5 

91-1 

405 

Syrup (treacle) . 

Jib. 

0 

2 

0-7 

... 

173-3 

714 

Cabbage 

1 lb. 

0 

1 

3-2 

0-2 

17-7 

88 

Beans (butter) . 

Jib. 

0 

OS 

21-1 

0-8 

70-5 

383- 

Barley 

Fresh fruit and 

Jib. 

0 

1 

15-8 

1-8 

181-2 

825 

100 

green vegetables 

... 

0 

7 

... 

... 

... 

Total weekly 







23,701 

quantities 

... 

5 

101 

695-7 

765-8 

3439-0 

Daily quantities 
per man . 

... 

... 

99-4 

100-8 

491-1 

3,386 


Total first-class protein, 347 ’6 grams. 

Daily first-class protein, 49'7 ,, 

Cost per man per week, 70 '5 pence. 

It should be pointed out that the prices given - are those for foreign imported 
produce, which is not generally available in all parts, but at the same time it must 
be remembered that many of the more expensive portions of an animal are not anj 
more nutritious than the cheaper cuts. 
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Typical Meals. 

The following are typical diets, kindly supplied by E.iD. Lawrence, 
of students in residence at a university hostel. 

Case A, aged 2b ; height, 5 ft, 11 in.; weight, 'W st. 4 Ih. (71 "6 kvu). Average 
weight for height is 10 st. 13 lb., so that he is slightly above weight ; habits not 
active except that he usually bicycles about 10 miles a day ; noticeably a big eater. 


Food. 

Weight • 
in Ounces. 

Food Content in Gram.s. 

C. 


F. 

Breakfast 





Porridge 

lOi 

35 

7 

" 7 

Sugar 

1 

30 

0 

0 

Kipper 

li 

0 

8 

3 

Butter ...... 

1 

0 

0 

25 

Toast ...... 

2.1 

45 

4 

0 

Marmalade ..... 

li 

27 

0 

0 

MUk 

3 

5 

4 

4 



142 

23 

30 






RoU, bread .... 

1 

15 

3 

O' 

Sausage 

17. 

1 

5 

12 

Potato 

4 

27 

3 

0 

2 Apples 

10 

32 

1 

1 



75 

12 

13 






2 Biscuits 

1 

20 

4 


- Milk 

2 

3 

2 

2 



23 

6 

2 






Soup, thick 

34 

6 

3 

2 

Steak \ . 

/ 

0 

52 

26 

Pudding J 

27 

28 

3 

O 

Onions 

8| 

11 

2 

3 

Potato ...... 

74 

50 

5 

• 0 

Bread ...... 

1 

15 

3 

3 

Stewed fruit .... 

4 

15 

2 

0 

Custard 

27 

17 

4 

4 

Sugar 

7 

15 

0 

0 



157 

74 

41 

Supper 

Treacle cake .... 

6 


o 

. O 

10 

Total for day . 



118 

105 ' 

Calories 


2068 

472 

945 


Total = 3,485. 

Weight = 71 ’6 kgm. 

Calories = 48'7 calories per kgm. of body weight. 
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Case B, aged 35; height, 5 ft. 2^ in. ; weight, 9 st. 10 lb. (61*6 hgm.). Average 
weight for height is 8 st. 8 lb., so that he is above the average loeiglit and is 
noticeahly obese ^ active and Quick in his movements, hut takes no exercise, not 
even walking ; noticeably a small eater; has a distaste for fat and butter; 
‘probably partly restricts his food to avoid obesity. 


Food. 

Weight 
in Ounces. 

Food Content in Grams. 

C. 

P. 

F. 

Breakfast 





Bacon, lean 

1 

0 

5 

5 

Potato . . . . ‘ . 

1 

6 

1 

0 

Toast . . , . ' . 

1 

15 

3 

0 

Marmalade 

1 

25 

0 

0 

Lunch 


46 

9 

5 

2 Crumpets 

2 

30 

6 

0 

Butter, 2 pats .... 


0 

0 

12 

Mince pie 

— 

20 

4 

5 

Jam tartlet 

— 

.25 

4 

0 



75 

14 

17 

Tea 





2 Rock cakes .... 

n 

22 

4 

4 . 

Dinner 





Soup, thick 

31 

6 

3 

2 

Steak 1 

3 

0 

22 

11 

Pudding/ . . . . 

n 

17 . 

2 

2 

Onions 

4i 

'6 

1 

2 

Stewed fruit ... 

n 

28 

3 

0 

Supper . 


57 

31 

17 

2 Biscuits 

1 

20 

4 

2 

Total for day .... 

X 

220 

62 

45 

Calories . . ... 


880 

248 

405 


Total Calories = 1533. 

Weight = 61-6 kgm. 

= 24-8 calories per kgm. of body weight. 

If we calculate his calorific usage on the average weight, which is more correct 
in some ways, as his “ extra ” fat is not metabolically active tissue, then we get the 
figure of 29 cals, per kgm. of body weight. 
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Case C, aged 24.; height, 5 ft. 11 in. ; weight, 9 st. 4 lb. (59 Icgm.). Average weight 
for height is 10 st. 13 lb., so that he is considerably under weight and is quite 
thin; he is active and plays games occasionally, but not daily; eats slightly less 
than the aves'age student. 


Food. 

Weight 
in Ounce-s. 

Food 

0. 

Content in Gr 

F. 

ams. 

F. 

Breakfast 





Porridge 

5 

IG 

3 

O 

o 

• Milk 

5 

7 

5 

5 ’ 

Sugar 

X 

15 

0 

0 

Bacon 

i 

0 

3 

8 

Potato, fried .... 

2?/ 

20 

2 

5 

Toast ...... 

1 

20 

4 

'0 

Butter 

.i 

0 

0 

G 

Marmalade ..... 

'i 

19 

0 

0 



97 

17 

27 






1 Sausage 

— . 

A 

■ 5 

12 

Potato 

6 

40 

4 

0 • 

Brussels sprouts .... 

,4 

4 

2 

0 

1 Slice jam roll .... 


25 

1 

0 



70 

12 

12 

Tea 





1 Banbury cake . . 


20 

4 

■ 0 

Milk 

1 

1 

0 

0 



21 

4 

0 

Dinner 





Soup, thick 

r>.i 

S 

4 

3 

Steak 1 

3 

0 

22 

11 

Pudding f .... . 

1 

12 

1 

1 

Potato ...... 

3 

20 


0 

Onions 

2 

3 

0 

1 

Stewed fruit .... 

4 

15 

2 

0 

Custard . . ’ . 

lA 

10 

s 

3 

Milk 

3A 

5 

3 

3 



73 

37 

22 

Total for day .... 


2G1 

70 

G1 

Calories ..... 


1044 

2S0 

549 


Total Calories = 1873. 

Weight = 59 kgm. 

= 31 '7 calories per kgm. of body weight. 
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The Salt Requirement. 

Until comparatively recently the salts in the diet were ignored 
and patients suffering from various conditions were often treated 
with medicines which did little to remedy dietetic deficiencies, but 
it is now recognised that long before people are taken ill their activity 
may be impaired by prolonged deficiency in salts. In regard to 
diet generally and to salts in particular, it is pointed out that a 
given article of diet, particularly of a vegetable nature, is not always 
of the same composition. This depends to a very considerable 
extent on the soil in which the vegetable is grown. Unfortunately 
the public have not learnt to recognise salt-deficient vegetables in 
so far as this is possible. 

But the presence of the salts in the diet does not necessarily mean 
they are absorbed into the blood stream. This may be interfered 
with by the presence of other substances in the diet; for example, 
excessive calcium i-educes the absorption of iodine. Sometimes, 
too, conditions are present in the intestine which upset absorption. 
This is common both in relation to iron and iodine. 

There seems to be little doubt that some benefits attributed 
to " change of air ” are attributable to change of mineral intake. 

Sodium and Potassium are essential in the diet but are so 
well distributed in nature that a dietetic deficiency in respect to 
them is unlikely. 

Calcium. — It is being recognised that as different parts of the 
country vary considerably in their supplies of this element, this 
may be of dietetic importance. Some areas are deficient while in 
’others there is an excess which may interfere with the absorption 
and use of other elements. Its importance to the body is indicated 
by the fact that it is one of the substances which is maintained at 
a constant level in the blood by mechanisms which are described 
in a later section. The daily excretion of a fasting man is about 
0‘5 gram, but double is, usually considered desirable in the diet and 
more is needed during pregnancy and lactation when acute symptoms 
of calcium deficiency commonly occur in women and domestic 
animals, notably cows and cats. According to Campbell, Bessey, and 
Sherman, who experimented on rats, calcium deficiency may show 
itself in a second generation rather than the first. Young animals 
deprived of calcium do not grow so well or so rapidly and it is 
stated that they do not live so long as those adequately supplied. 
The workers in Columbia University have emphasised the importance 
of calcium in promoting the general vitality of their animals. 

At the same time it should not be overlooked that there may 
be some adaptation to low calcium diets.,. Some plants we knovr, 
such as primulse, thrive best on calcium deficient soils while others. 
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such as rock roses, grow best where chalk is abundant. It is possible 
that there may be similar differences, hereditary or acquired, in the 
human, subject. 

Calcium is provided by meat and all - the usual vegetables 
(averaging from O'Ol to 0’3 per cent.) in small amounts, but milk 
contains about 0'12 per cent., while in cheese this is concentrated 
more than fourfold. Even when there is sufficient in the diet, only 
a small proportion is absorbed, 20 to 50 per cent, in adults but more 
by children. When excess is absorbed it is excreted in the urine. 
There is some discussion as to whether the calcium found in the 
faeces is an excretion or is calcium that has not been absorbed. 
Evidence now favours the latter view. 

A moderately hard water, such as this of London, contains about 
0’03 per cent, of calcium, .but of that more than two-thirds is 
temporary hardness, that is, soluble bicarbonates which are pre- 
cipitated when the carbon dioxide is driven off by boiling. 

The absorption of calcium has been a subject of considerable 
discussion, for calcium is readily percipitated as phosphate in 
alkaline solution but it is soluble in acid solution. Certainly the 
administration of hydrochloric acid facihtates the absorption, and 
sodium bicarbonate hinders it, but how far the small intestine is 
acid is very problematical for the bile and pancreatic juice are 
alkaline. There is now increasing evidence that bile salts, amino- 
acids, and fats may facilitate the absorption by a hydrotropic 
action and also vitamin D. The whole subject is, however, one 
of great complexity and cannot be looked upon as settled, but 
it is of great importance in relation to the growth of the bones 
and teeth. 

The Functions of Calcium are dealt with later. 

Phosphorus. — ^As we shall see in a later section phosphorus 
is necessary for a large number of body processes. A phosphorus 
equilibrium is maintained by the action of the parathyroid glands, 
that is, the excretion is balanced by an intake of about 0‘8 gramme 
per day, but probably appreciably more is needed in the optimum 
diet, especially when the foetus or young animal is growing, for 
calcium is laid down in the bones as phosphate. Of the common 
foods milk and millc products contain most and thereafter wheat 
and oats. It is present in phosphoproteins such as the caseinogen 
of milk and the vitelhn of eggs, in the lecithin of eggs, hyer 
and blood, and in the nucleic acid of all cell nuclei. Inorganic 
phosphates occur chiefly in meat and milk and plants. Much of 
the phosphorus of plants — phytin phosphorus — is not digested or 
utilised. In some regions the phosphorus of the soil is poor, and 
in South Africa the nutrition of the cattle is thereby affected. 

The Fimctions of Phosphorus are dealt with later. 
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Iron. — It has long been known that iron was necessary for the 
body and it has been regularly used in so-called “tonics,” but it was 
not realised till recently that deficiencies in the diet were of such 
importance. 

Iron is needed for the formation of almost all tissues, but by 
far its most important use is in the formation of the ha 3 moglobin 
of the blood and the cytochrome of the tissues which are concerned 
with the carriage of oxygen and its use in the tissues respectively. 
It has been claimed to be concerned in almost all enzyme systems 
in the body and also to be present especially in the nutrition 
of epithelial surfaces, since deficiency may be associated with craclcing 
of the skin and lips. It is, however, in the anaemias that iron 
deficiency is most commonly evident. 

Deficiencies in this element have long been recognised as a 
cause of a simple anemia characterised by insufficient haemoglobin 
in the blood. The disease was particularly common amongst women 
prior to about 1910, but lesser degrees are still common, women 
being thought particularly subject because of their monthly loss 
of blood during menstruation. Even fasting men, however, excrete 
from 7 to 12 mg. per day by the bowel, and the menstrual loss of 
3 mg. adds but little to the daily average. During pregnancy the 
need for additional iron in the diet is obvious for much is needed 
for the formation of heemoglobin in the foetus. The supply at this 
stage is specially important, since milk contains so little and young 
c hil dren are therefore specially liable to suffer from anaemia. The 
extent to which it is absorbed from the intestine normally appears 
to be dependent on the haemoglobin content of the blood. Iron is 
probably absorbed as ferrous salts. Blood and chlorophyll are of no 
value as a source of iron in the diet as the iron cannot be liberated 
by the body. 

When the red blood-corpuscles die after their normal month or 
so the iron set free is taken up by the reticulo-endothehal system 
and is stored as the pigment haemosiderin especially in the liver, 
kidney, and spleen. It is especially abundant in these sites when 
there is excessive breakdown of corpuscles or inadequate .utilisation 
of the iron. 

Excretion of iron occurs in the large intestine, but most of 
the iron in the faeces has -never been absorbed. The body holds on 
somewhat tenaciously to what it takes into the blood stream. 

It is suggested that 0'4-0'5 mg. of iron per 100 calories of diet 
is desirable for the general population (Eose). 

Most articles of diet contain iron, but the following are the 
most important, the numbers following indicating the approximate 
amounts in milligrams, given by Sherman, per 100 grams: beans 
(10), dried peas (5-7), wholemeal flour (5), oatmeal (4-8), eggs (3), lean 
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beef (3), cheese (1'3), mibk (0-24), spinach (2-5), kale (2-5), potatoes 
(1), beet (0'8), turnips (O'S), carrots (O'G), tomatoes (0-44) other 
vegetables and fruits less. It is of interest that wholemeal flour 
loses four-fifths of its iron when it is refined to white flour. Workers 
in this field emphasise that vegetables and fruit offer the easiest 
method of supplying iron to the body without increasing the calorific 
value of the diet, even allowing for the fact that not aU the iron 
in vegetables is used. 

Copper. — So far as can be ascertained traces of copper are an 
advantage in the formation of haemoglobin.. In crustaceans the 
normal green blood pigment, haemocyanin, contains copper instead 
of iron. It is found in minute quantities in a number of vegetables, 
especially lettuce, and fruits, especially currants ; it is also .present 
in cocoa, corn, nuts, wheat, bran, and legumes. Liver seems to be 
richest in this element possibly because it is stored in this organ. 
Only very minute amounts are needed in the diet. 

Iodine is necessary for the formation of thyroxine, the very 
active substance elaborated by the thyroid gland wliich we have 
seen is so important in regulating the metabolic rate. Many regions 
of the world have iodine deficient soils and tliis afiects the iodine 
content of its plants, normally we get our required iodine, which 
is only about 0‘00014 gram daily (Fellenberg), in milk, sea-fish, oats, 
potatoes, carrots, eggs, and onions, but in goitrous distiucts it is 
necessary to add iodine to the table salt. Infants need more than 
adults. 

Magnesium. — This element is a constituent of the chlorophyll 
of plants and is very closely associated with calcium in the skeletons 
of animals, although it is present in minute quantities in practically 
aU tissues and body fluids. In the urine it is found in association 
with phosphates, normally as MgHPO^ and abnormally in ammoniacal 
urine as lIIl 4 MgP 04 . Like calcium it antagonises potassium physio- 
logically. It has been found that if it is completely absent from 
the diet of rats and dogs they die in convulsions. It seems probable 
that death is due to a failure of the acid phosphatase enzymes 
of the body or the glycogen break-down s}'stem for the action of 
which magnesium appears to be necessary. 

Fluorine is also present in minute quantities in plants and 
is considered to contribute to the hardness of the skeleton and 
especially of the enamel of the teeth. Large amounts in the diet 
produce the opposite effects. 

Manganese is present in a large variety of vegetables in minute 
quantities. Various claims have been made that it is essential for 
normal reproduetion and it is always present in developing eggs 
and in the reproductive organs. 
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Water. 

Water is necessary for the solution of the foodstuffs prior to 
absorption in the blood stream, and innumerable functions in the 
body. The subject is discussed later in relation to Water Balance. 


Vitamins.* 

Although a diet may be adequate from the point of rdew of 
protein, carbohydrate and fat, it has now been definitely established 
that certain accessory food substances are necessary in the diet to 
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Pio. 144.— Curves of growth of two sets of r.nts. Th.it shown in dirk dots received for the Ihbt 
eighteen d.iys 3 c.c. of milk daily in addition to a diet of casein, lactose, and aalte. At tne 
nineteenth day the milk was omitted. The other set had the same- diet ™ i * 

eighteen days. Therealter they were given 3 c.c. of milk daily. (From the original of HopKins-; 


maintain good health, especially of growing animals. Experience 
gained in expeditions, in the old sailing ship days, and ^ of the 
health of prisoners, had long indicated that mere calories and 
proteins were insufficient to sustain life, but it was not, however 
until Hopkins of Cambridge, in 1912, from his investigation ot 
restricted diets in relation to the essential ammo-acids, placed the 
subject on an experimental basis that the importance of these 
accessory food factors was fully appreciated, although admittedly 
■much uncorrelated and not generally recognised clinica.1 evidence, 
notably that of Eijkman, in 1890 (see below), was available. 

The factors are; for the most part, products , of the plant world, 
and from this source they are acquired by animals. . Many are 
relatively simple chemical substances and have now he^ ^ ^^7 
in d crystalline form. They may he distinguished by differences m 

* So called because they were thought originally to be amines. 
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their source, in their action and in the maladies (deficiency diseases) 
which -result from their absence.' In addition to those described 
below there are, however, many other substances which are necessary 
for the health of lower animals and the growth of bacteria. Only 
those important to man are discussed. 

The Pat-Soluhle Vitamin A. — In 1912 Hopkins fed young rats 
on pure food mixtures containing approximately the constituents' 
of milk, viz : caseinogen, fat, starch, cane-sugar, and inorganic salts. 
The energy-value was adequate but growth ceased. His famous 
growth curves are shown in fig. 144. The addition of a minute 
amount of fresh milk caused the recommencement of growth. In 
1881 Bunge had come to a similar conclusion from' work on mice. 
In 1913 McCollum and Davis showed that this essential substance 
for growth, both vitamins A and D, was present in the fats of 
butter and egg yolk. There was at first confusion between the 
fat soluble vitamins, hut it is now known that Hopkins’s rats 
did not grow because of deficiency of vitamin D as well as 
vitamin A. Their sources are, however, very similar. The original 
source is the pro-vitamin A of the green plant, whence it is 
acquired by animals, and becomes dissolved in their fat. Thus 
it is present in milk and butter, provided the cows are fed on 
green food. Animals have the power of storing the vitamin in their 
livers from which it may be obtained in the oil. The oils of fishes 
which feed on green plant organisms in the sea, either directly or 
by eating smaller fishes which do so, are particularly rich in the 
vitamin. Hence the virtue of fish liver oils. Butter substitutes, 
such as margarines made from vegetable fats,^ have usually no 
vitamin A and little D.'^ Both A and D are present in egg yolk. 

Properties . — It is important to observe that vitamin A is very 
liable to destruction on heating, but it is now clear that this depends 
on oxidation processes. Milk can, therefore, be sterilised at quite 
high temperatures in an autoclave (air free) without losing ^dtamin A, 
which, however, is destroyed by ordinary boiling or even free aeration 
at all temperatures. Speaking generally, condensed milk stiU has 
enough vitamin A, and dried milk also, pro^’ided the latter has 
been made by a process such as passing it over a heated drum, 
which dries without permitting too long exposure. 

Deficiency in vitamin A leads to the lack of gi’owth of young 
animals, which is eventually fatal. 

Action . — ^Vitamin A appears to pro^’ide the necessary stimulus 
for the building of new cells. This failure of cells to grow is well 
seen in the epithelial coverings of the body whieh tend to become 
dry and keratinised. This occurs in the conjunctiva of the eye, 
in the respiratory tract, and especially in the vagina. The hair also 
* In war-time vitamin D has been speciallj’^ added in Britain. 
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becomes dry and lustreless. _ The lack of vitality in these regions 
leads to a liability to infection which is mai’ked in the eyes, where 
it is accentuated by deficient secretion from the lachrymal glands 
(tears). Degeneration of the spinal cord and interference with 
reproduction may also occur. Deficiency also leads to night 
blindness from interference with the formation of the visual, purple. 

Chemistry . — The parallelism between the yellow colour and 
potency of vitamin A in foods (Steenbock) le'd to the finding that 
the vitamin is related to the pigment carotene. It has been shown 
that the administration of carotene causes the characteristic blue 
colour with antimony trichloride to appear in the livers and prevents 
signs of deficiency in rats fed on a diet , deficient in vitamin A. 
The results suggest that carotene is converted into the vitamin in 
the liver. There are in nature a number of pro-vitamins A or 
carotinoids which have themselves been synthesised in plants from 
precursors by the influence of light, but these appear to be only 
of value to man as precursors. Vitamin A is an unsaturated 
alcohol having the formula C 20 H 30 O. Its strong, absorption band 
in the ultra-violet is characteristic and is made use of in estimations. 
On oxidation it becomes converted into a derivative of carotene 
known as geronic acid. 

The vitamin A standard is the vitamin activity of 0'6 microgram' 
of a standard preparation of / 3 -carotene and about four times this 
will prevent signs of deficiency in rats on a diet deficient in this 
vitamin. 

The vitamin is stored, especially in the livers of animals, a fact 
which no doubt does much to counteract the effect of any temporary 
reduction in the diet. It is also found in the testis, ovary, and 
adrenal cortex, a fact which may be of importance in regard to 
reproduction. 

A vitamin A which differs in its absorption spectrum has been 
differentiated, but its action appears to be similar. 

The Antirachitic or Calcifying Vitamin D, and Sunlight. — 
In the study of animals fed on diets deficient in vitamin A it was 
found that rickets was commonly produced, and later it was 
recognised that the antirachitic and growth-promoting vitamins 
were present in different amounts in fats from different sources. 

Source .- — This vitamin , has the same source as vitamin A, but 
may be distinguished from the latter by the fact that it is less 
easily oxidised; for example, cod-liver oil if exposed to the action 
of ultra-violet light or of oxygen at 100° C. for . twenty-eight hours 
loses its power to cure xerophthalmia in rats while the action of 
vitamin D remains (McCollum). It therefore withstands ordinary 
cooking and preserving better than A. Butter, on the other hand, 
is less active than cod-liver oil in curing rickets, although more 
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effective in curing xerophthalmia. Vitamin A may also be 
distinguished by the fact that it gives a blue colour -with antimony 
chloride. .Vitamin D is present in small quantities in vegetable 
oils which contain no vitamin A. Tunny fish-liver oil contains 
most. This wta min is present in yeast and a wide range of lower 
plants when fresh, but they rapidly lose their vitamin when cut. 
As in the case of A, ordinary winter milk, therefore, contains very 



Fig. 145. — Bickots in irn^n. (Draw'n 
from a photograph by J. C. Brash 
of the skeleton of Bowed Joseph in 
the Anatomical Jlnseum in the 
University of Edinburgh.) 



Fio. IIG.—Bickets in a dog. 
(Drawn from a photograph ty 
E. .and Ji. 3IcU.anby.) 


httle of the vitamin unless the cows have been specially fed on 
fresh green food. 

Deficiency . — The absence of tdtamin D or of sunlight leads 
to imperfect calcification of the bones (rickets) and of the teeth, 
and in this connection it may be noted that, in 1906, .Hopkins 
suggested this possibility, which was subsequently confirmed experi- 
mentally on dogs by E. Mellanby, to be due to the absence of a 
fat soluble vitamin, although at that stage vitamin D had not 
been separated from A. In rickets the bones are so soft that 


A 

Basal diet only 


B 

+ Carotene 


C 

+ Vitamin D 


D 

+ Carotene 
+ Vitamin D 



'lo. 14Ga. — Photographs of the surface and photomicrographs of sections of the lower carnassials of four puppies of th 
same litter. The basal diet included oatmeal, peanut oil, separated milk powder, salt, yeast, lean meat and orang 
juice, and was the same for all. 

A. Basal diet only. The enamel surface is rough and pigmented. Histologically the enamel is very thin and th 
dentine is also very thin and poorly calcified, showing many large interglobular spaces. 

B. Carotene added to the basal diet. The enamel surface is rough and pigmented. Histologically the enamel i 
thin and slightly pigmented, while the dentine is thicker than in A but shows many interglobular spaces. 

C. Radiostol added to the basal diet. The enamel surface is comparative!}- smooth and white. Histologically th 
enamel is thick and well calcified, while the dentine is very much thicker than in B and well calcified. 

D. Carotene and radiostol added to the basal diet. The enamel surface is comparatively smooth and white. Th 
section shows thick enamel and well calcified dentine. (Lady Jlellanby.) 

Face page 2S0. 
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th6 legs bend under the weight of the body. Bow-legs, knock- 
knees, and many other deformities especially of the spine and 
pelvis may occur. The child is described as having “ the head of a 
philosopher, the legs of a grand piano, and the belly of a poisoned 
pup.” There is lowered phosphorus (1-5 mg. per 100 c.c. instead of 
5 mg.) and calcium^ in the blood. The bones of rachitic animals w ill 
calcify if incubated in normal serum, but not in rachitic serum, 
showing that the bone has the power to calcify if the salts are 
available. (See Hess, 1929.) 

That lack of vitamin D produces dental caries has now been 
abundantly proved by Lady Mellanby, although, apparently, some 
persons require more vitamin D than others. There seems to be 
little doubt too that many children in receipt of a full quantity 
of vitamin D have caries because of their difficulty in digesting 
fat or other digestive disturbances. Attention to the diet and the 
giving of vitamin without the fat may result in striking improve- 
ment. For complete dental developments carotene appears to be 
alsp an advantage. See fig. 146a. (See Mellanby, 1928, and 
Marshall, 1924). It seems probable, however, that there may be 
still some unknown factors, possibly local conditions in the mouth, 
for rickets and caries are not necessarily both present in the same 
individual. 

The function ' of the vitamin is, apparently, to correct any 
improper balance between the calcium and phosphorus intake, and 
the greater the disproportion of these two elements the more 
important the vitamin, but even if these substances are present in 
proper amounts the vitamin is necessary. The ^dtamin appears 
to increase the retention in the ■ body of calcium which may be 
available in the food, probably by increasing the amoimt absorbed 
from the intestine. 

Hot long ago there were opposing views on rickets and its 
treatment. One group of workers insisted on the importance of 
diet (E. Mellanby and others), and another insisted on exercise and 
sunlight (L. Findlay, Baton). The discovery by Huldschinsky in' 
1919, that ultra-violet light would cure rickets and that vitamin D 
may be produced in foods by similar treatment, has shown that both 
were right. This production of the vitamin by irradiation depends 
on the presence of ergosterol (a sterol first obtained from ergot), 
but it has been found that 7-dehydro-cholesterol also becomes active 
when irradiated (Dg). In man, it is assumed that the sunlight 
activates ergosterol in the skin, for the, feeding of excised human 
skin if irradiated will protect rats against rickets but not if not 
irradiated. How this occurs is not yet clear, since the penetrating 
power of ultra-violet light through skin is very poor, being only 

* The calcium also fells, but later. 
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a millimetre Excess of the vitamia leads to excessive precipitation 
of calcium throughout the body especially in the arteries and kidneys 
(Kreitmar and Moll). 

■ Chemistry . — A pure crystalline substance “calciferol,” which is 
a distillate of irradiated ergosterol which has all the properties of 
vitamin D, has now been prepared (Bourdillon) and found to he 
the isomer of ergosterol. The activity of 0-025 microgram of this 
has been adopted as the international unit. 

There is increasing agreement that children should be supplied 
with 600-700 units daily and adults with about 200 units (]\Imistry 
of Health) associated with an adequate supply of calcium and 
phosphorus. 

Vitamin D is antagonised by feeding animals on certain cereals, 
especially maize and oatmeal, which contain phytic acid. If, 
however, the oatmeal is cooked slowly the phytic acid is destroyed 
by a phytase normally present. "Wholemeal bread is therefore 
rachitic but not porridge properly made and especially when taken 
with whole milk. 

In conclusion it may be added that the making of a few dogs 
rickety has resulted in almost banishing from Britain a disease which, 
until comparatively recently, was responsible for the death or 
crippling of thousands of children. This is a fact worthy of 
contemplation by those who condemn animal experiments. 

The Water-Soluble Antineuritic Vitamin — Source . — This 
vitamin is contained -in the outer layer of all seeds, which layer 
contains the embryo plant, and may be removed in milling. It is 
therefore practically absent in white flours, but present in whole- 
meal flours. Since it is fairly resistant to heat, it surAuves ordinary 
baking, provided the temperature does not go above 100° G. The 
vitamia is also present in the yolk ol eggs but not in the white, 
and milk and meat contain very little. Commercial preparations are 
made from yeast, a rich source of tliis vitamin, and also from 
rice polishings and bran. 

jbeficiency . — It was observed by Eijkmann* in Java, in 1890, that 
the use of polished rice led to the production of so-called polyneuritis, 
which caused paralysis both in man and in birds, although the diet 
was apparently otherwise adequate. The addition of the rice 
polishings, or of aqueous extracts of these to the diet, cured and 
prevented the condition. > 

The peripheral neuritis which results in paralysis or weakness 
of muscles and in anmsthesia, has led to the \dtamin being known as 
the antineuritic one. This avitaminosis is characterised by general 
wasting and degeneration of tissues which are due to the inanition 
following a lack of appetite specific to the lack of vitamin B^. In 
* Eijkmann and Hopkins shared a Nobel Prize for their diseoveries. 
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pigeons there is opisthotonos (dorsiflexion of the spinal column), 
convulsions from involvement of the brain — and death in about 
four days after complete lack. Both acute and chronic symptoms 
are known ; unhke the former the latter do not clear up quickly 
when the vitamin is given. Eeproduction is indirectly affected by 
oxygen lack. 

In man the disease is known as beri-beri, in which there are 
commonly nerve degenerations due to a simultaneous vitamin-A 
deficiency which must be treated also (Strong and Crowell). 




Fia. 148.— Same pigeon after the adminis- 
tration of the vitamin. (From M.K.C. 
Beport.) 


According to McCarrison, deficiency of this vitamin causes an 
increase in the size of the suprarenal and is responsible for much 
general malaise and lack of vigour in man. It is claimed also that 
deficiency in this vitamin results in a loss of tone of the gastro- 
intestinal muscles. 

Beri-beri was common amongst the rice-eating peoples and 
in 1880 afflicted more than one-third of the Japanese Navy; but 
in 1885 a change to a mixed European ration reduced the in- 
cidence to negligible proportions, although its exact cause was not 
recognised. Deficiency produces a hypertrophy of the adrenal 
cortex and a 50 per cent, reduction of the zinc content of the 
skin and nails. Some animals, such as sheep and cattle, appear 
to be able to synthesise the vitamin by means of their alimentary 
bacteria. 

Gliemistry. — Jansen, Windaus, Peters and others have succeeded 
in extracting from yeast crystals of a vitamin B^ hydrochloride, 
CigHigOlSr^S, 2HC1, of which 0-002 mg. per day protects pigeons 
against the neuritic symptoms. The crystals give a specific diazo- 
pink colour reaction (Kinnersley and Peters) • and according to 
Williams have a pyrimidine-thiazole nucleus.* This is now known 

* Its chemical name is 4-methyl-5-yhydroxy-ethyl-N ([2 methyI-4 amino- 
pyrimidyl-5] methyl) thiazohum-chloride-hydrochloride. 
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as aneurin or thiamine, which has a complicated structure containing 
a pyrimidine group and sulphur. 

H 3 CC CNH„HC1 HC CCH, . CH„OH 

I I 1' !! ' ‘ 

N Cv /N C.CHg 

The international unit is 10 mg. of a standard absorption 
product prepared from rice polishings; 20-30 mg. of this will cure 
polyneuritis in a pigeon of standard weight (300 grams). About 
200 units appear to be needed daily by man. Vitamin is quite 
stable in strong acids but is liable to be destroyed by heat in neutral 
and alkaline solutions. It survives all ordinary cooking. Its 
precursor in plants is unknown. It is non-toxic in large amounts. 
All excess taken is destroyed or excreted in the urine and gastric 
juice. In milk and eggs it is really an excretion for the benefit 
of the young. 

Action . — The vitamin Is intimately concerned with the enzyme 
system responsible for the breakdown of pyru\’ic acid, an intermediate 
compound between glucose and carbon dioxide, and in deficiency 
the pyruvic acid content of the urine is increased. So far as at 
present known beri-beri is the only example of a disease resulting 
from the paralysis of a single enzyme system, the animal otherwise 
being quite normal. Peters and liis associates have shown that 
minute amounts of the vitamin will -improve the oxygen uptake, 
indicating that it is a true tissue catalyst. 

Vitamin Bg Complex. — Tliis was first thought to he a single 
substance like vitamin hut it is known to consist of several 
factors. The pellagra-preventing and antidermatitis factors are 
thermostable and not present in the same amount in alcoholic 
extracts of yeast as vitamin B^. The factors of the complex are : — 

1. nicotinic acid. The amide of nicotinic acid is part of the 
molecule of co-zymase, which plays an important part in the 
metabolism of carbohydrates. Deficiency results in pellagra, a 
disease of maize-eating peoples, characterised by itchy dermatitis, 
sometimes pustular, great intestinal disturbance, diarrhoea, and 
degeneration of the bowel-wall. 

2. Eibo-flavin forms the prosthetic gi’oup of Warburg’s yellow 
oxidation enzyme and is probably an oxidation catalyst. Like 
nicotinic acid it is present in eggs, liver, milk, and yeast, but appears 
to be present in all animal and plant cells — ^in the latter especially 
when germinating. Considerable quantities are present in young 
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green ^ leaves. The chief results of its absence are inflammation of 
the lips and mouth, dry dermatitis, and ocular lesions. Young 
animals, especially rats, chicks, and dogs, cease to grow in a few 
days if it is absent from their diets. 

The daily requirement of riboflavine, as judged by the amount 
of intake needed to give the urinary output of the magnitude seen 
in normal individuals, is considered to be 2 to 3 mg. per day. It 
is more heat-stable than thiamin. It is not stored in the body, is 
non-toxic in excess, and is excreted in the fajces. As in the case of 

excessive fat in the diet appears to increase the need for the 
vitamin which also appears to act in conjunction with in 
other ways. 

3. Yitamin Bg pyridoxin has somewhat the same properties and 
sources as the pellagra-preventing factor but does not cure pellagra 
or its analogue “black tongue” in dogs. Its absence leads to 
dermatitis, loss of hair, and swelling of the ears and paws wliich 
are not cured by nicotinic acid (H. Chick). It is said to act _as 
^a sedative in man, and in large doses is toxic to the nervous system 
of rats. 

Probably there are still other factors not yet identified, especially 
necessary for birds. 

The Water-Soluhle Antiscorbutic Yitamin C. — This vitamin 
is contained in fresh fruit and vegetables and in green leaves and 
germinating seeds ; in the days of sailing sliips the absence of such 
substances led to scurvy, the curse of the Navy and Mercantile . 
Marine, and of expeditions. The vitamin is easily oxidised, especially 
in alkaline solution and if cooking is prolonged, as in stews ; hence 
it is less liable to be destroyed in cooking when acid. Gmiously 
enough. West Indian limes are deficient in this vitamhi and the 
substitution of lime-juice for other fruits led to many outbreaks of 
scurvy. Oranges and lemons are good sources and especially 
rose-hips, nettles, black currants, and horse-radish. Even potatoes 
apparently contain sufficient for some people, but not in winter. 

The disease was referred to by Captain Cook and by Yasco 
da Gama who lost 100 out of 160 of his men from the, disease in 
his famous voyage round the Cape of Good Hope. It is to Lind 
of the British Navy that we owe the credit of the first demonstration, 
in 1757, that oranges and lemons were the best treatment for the 
disease, although the fact was not fully appreciated until 1907 when 
Holst and Erohhch produced experimental scurvy in guinea-pigs. 
Mild scurvy is not an uncommon^ disease especially .under conditions 
of ma^utrition. It may occur in infants fed on proprietary foods 
and in patients on restricted diets. 

Deficiency . — Scurvy is characterised by great wealoiess, tendency 
to fractures and haemorrhage, especially from the gums, because of 
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fragility, of the capillaries, with loosening of the teeth; it is 
accentuated by hard physical work. 

Only for man, the guinea-pig, and a few bacteria is vitamin C 
absolutely essential. It is particularly important in wound healiag 
and in the repair of fractures, and appears to be concerned with the 
growth of fibrous tissue and of bone. The essential deficiency is a 
reduction of oxygen-uptake of tissues generally. It has been found 
that persons suffering from surgical tuberculosis and chronic 
rheumatism are deficient in vitamin C and this may be responsible 
for their failure to recover easily from such infections. The giving 
of fruit to sick patients generally may indeed have a therapeutic 
value and a scientific basis. 

Chemistry . — The vitamin is now known to be ascorbic acid 
(CgHgOg-). The strongly reducing powers of antiscorbutic extracts 
of lemon juice (Zilva) led to its being identified with other strongly 
reducing substances in many plants and in the cortex of the 
adrenals (Tilhnans and Hirsch). It even reduces Fehling’s solution 
in the cold. 

This powerful reducing action of ascorbic acid was , first noted 
by Szent-Gyorgyi who foimd that it reduced 2-6-dichlorophenol 
indophenol in acid solution (pHg), and much has since been made of 
this observation. By its use it has been found that ascorbic acid is 
excreted in the urine to the extent of 20 to 30 mg, daily. The time 
taken to decolorise the substance when injected imder the skin 
is also used as a .test. It is considered that at least this amount' 
excreted should be supplied daily (Harris). 

It is possible to make use of a similar test in finding out the . 
vitamin 0 content of foods before and after cooking. An extract is 
made of the food with dilute trichloracetic acid and filtered. The 
vitamin content is determined by finding how -much is needed to 
decolorise a known volume of the indicator previously standardised 
against ascorbic acid. By such studies it can be shown that if 
vegetables are cooked in alkali or chopped up their vitamin C is 
destroyed by the oxidase of the tissue juices. The vitamin is more 
stable in acid solution. 

Ascorbic acid has now been synthesised and crystallised, but the 
form of its crystals depends on the conditions of its crystallisation. 
They may be needle-shaped or rhomboid. 

The international unit is the activity of 0‘05 mg. 1-ascorblc acid. 

■Vita-min P is a substance in lemon juice which is much more 
efi’ective than ascorbic acid in treating certain cases of increased 
capillary permeability. It is called citrin. 

Vitamin E. — The tliird fat-soluble 'S’itamin is made by plants, 
and the best-known source of it is an -oil extracted from sprouting 
wheat germs, but it is present in many vegetable oils, e.g. olive oil. 



OH. XXIY.] 


VITAMINS 


387 


There is a little in animal fats. Its absence results in sterility in 
rats otherwise fertile. This is due in the female to failure of the 
foetus to grow normally, although the mother appears to he normal. 
In the male there is degeneration of the testis. An interesting 
observation is that of Verzar who has found that the intraperitoneal 
injection of the vitamin has a similar effect in rats to the injection of 
an extract of the anterior lobe of the pituitary body, and it is suggested 
that the vitamin is necessary for normal pituitary function. This 
vitamin has been found valuable in the treatment of habitual 
abortion. - The pure vitamin has been shown to he three' oily 
colourless alcohols, one, a-tocopherol, having the formula CggH^gOg. 

Vitamin H — Biotin. — This vitamin is widely distributed in the plant kingdom, 
but is especially concentrated in seeds. De&iency in rats causes progressive 
emaciation, dermatitis, and death. In man there is lassitude and sleepiness, an 
ashen pallor of the skin, which becomes dry and brawny with a tendency to acne 
and boils. Symptoms have also been produced experimentally in man, on diets 
consisting of one-third desiccated egg-white, but it is doubtful if it is ever -formed 
as a result of faulty natural diet. An anti-egg-white-injury factor can be isolated 
from liver. 

Vitamin K (Koagulation- Vitamin.) — It is found that if this 
vitamin is deficient from the diet of chicks, their blood clots very 
slowly, due to a deficiency of prothrombin. The natural vitamin 
which occurs, especially in green leaves (such as cabbage, spinach), 
egg yolk, liver, and certain bacteria, has been shown to have a 
napthoquinone nucleus with a long phytyl tail. For the absorption 
of the vitamin, bile is necessary, therefore in certain diseases of the 
liver and in biliary obstruction prothrombin may he deficient. The 
vitamin has now been used in the treatment of hsemorrhagic states 
in infants. ’ 

The Biological Estimation of Vitamins. — In order to determine 
the amount of vitamin in a given foodstuff, when a chemical test 
is not available, it is necessary to find out the minimum amount of 
the foodstuff which will just prevent a particular deficiency disease 
in an animal placed on a diet sufficient in every other way. For 
example, to study vitamin A, rats are fed on caseinogen to supply 
protein, starch, salt mixtures, and substances containing all the 
vitamins except A. 

In most cases, however, the application of facts discovered by 
animal experiments have proved themselves to he of ' inestimable 
value to mankind. 

Geneuai. References.— Rosenberg, 1942. {Tlie Chemistry and Physiology of the 
Vitamins), Mellanby, 1934. (^Nutrition and Disease), Harris, 1938. 

. Vitamins and Human Diets. — The whole subject of vitamins 
is of national importance, and it is evident that many classes of 
the community do not obtain the infinitesimally small amounts 
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necessary to maintain good health; although they may avoid gross 
■disease, many indefinite indispositions may be related to the absence 
or deficiency of these substances. 

The following statement is taken from a recent Medical Eesearch 
Council Report: — “So far as Western civilisation is concerned it 
is no doubt true that the rareness of the opcurrence of frank 
deficiency diseases such as scurvy, xerophthalmia, and beri-beri 
indicates that an /absolute deficiency of vitamins scarcely ever 
exists in the individual diet. 

“ On the other hand, it is now becoming generally recognised that 
much subnormal health and development, and even incidence ‘ of 
disease, are associated with a partial deficiency of one or more of 
these accessory substances. The influence of such partial deficiencies 
even when relatively slight may be extremely serious when they 
occur in early life and, if we may judge from the results of experi- 
ments on animals, an adequate supply of these indispensable dietary 
components later in life may fail to make good the damage caused 
by a deficiency in youth.” The Report gives numerous examples of 
the occurrence of such deficiency disease, latent or actual, when for 
one reason or another patients have been placed on special diets. 
Such deficiency diseases occasionally occur in indi\dduals limng for 
a long time on restricted diets — cases of gastric ulcer, food cranks, 
and children fed on proprietary foods. 

One remarkable development of the experimental study of the 
lack of vitamins on animals has been the large number of degenerative 
changes, especially in the central nervous system, which have been 
discovered. There is good reason to hope that this may eventually 
throw light on the many \ ery obscxire and commonly fatal nervous 
diseases which are foimd in man. 

We have already referred to the successful treatment of dental 
caries by means of vitamin D. This emphasises the point that 
apparently circumstances can occur, possibly intestinal, which cause 
a diet which is sufficient for one person to be inadequate for another 
even in the same family. 

It' must, however, be emphasised that it is not always possible to 
apply the information gained on the lower animals directly to man, 
for some individuals appear to live well on very deficient diets. 

It seems just possible that peoples who have been habitually 
without or short of vitamins may be able to do with less than those 
who have been victims of the “Eat more Emit” and “Drink more 
Milk ” campaigns. On the other hand, it becomes evident that the 
alleged benefits of a vegetarian diet, e.(j. in rheumatism, may depend 
on an increased vitamin intake. 
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CHAPTER XXV 


FOOD 


The chief chemical compounds or proximate principles in food 
are : — 

1. Proteins . 

2. Carbohydrates 

3. Fats 

4. Water 

5. Salts 

6. Vitamins 



In TTiillr and in eggs, which foiun the exclusive foods of j'oung 
animals, all varieties of these proximate principles are present in 
suitable proportions. Hence they are spoken of as perfect foods. 
Eggs, though a perfect food for the developing bird, contain too little 
carbohydrate for a mammal In most vegetable foods carbohydrates 
are in excess ; while in animal foods, such as meat, the proteins are 
predominant. 

The composition of various articles of diet and the principles 
of dietetics are well given by Hutchison and IMottram, 1933. 


Milk. 

Milk, which we have already spoken of as a perfect food, is only 
so for young children. For those who are older, it is so voluminous 

that impleasantly large quantities of it 
would have to be taken in the course 
of the day to ensure the proper supply 
of nitrogen and carbon. Moreover, it 
is relatively too rich in protein and fat. 
It also contains too little iron (Bunge) : 
so that children weaned late become 
anaemic. 

The microscope reveals that milk 
consists of two parts : a clear fluid and 
a number of minute particles that float 
in it. These consist of minute oil 
globules, varjdng in diameter from 
Fio. 149. — Globules of cow's milk, x 400. O’OOlfl to 0'005 millimetre (fig. 149). 

The milk secreted during the first 
few days of lactation is called colostmim. This is considered to be of 
value in relation to infection. It contains very little caseinogen, but 
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large quantities 'of albumin and globulin instead. Microscopically, 
cells from the acini of the mammary gland are seen, which contain 
fat globules in their interior; they are called colostrzim corpiLscles. 

Reaction and Specific Gravity. — ^The reaction of fresh cow’s 
milk and of human milk is amphoteric. This is* due to the presence 
of both acid and alkaline salts. All milk readily turns acid or sour 
as the result of fermentative change, part of its lactose being trans- 
formed into lactic acid. The specific gravity of milk is usually 
ascertained with the hydrometer. That of normal cow’s milk varies 
from 1028 to 1034. When the milk is skimmed the specific gravity 
rises, owing to the removal of the light constituent, the fat, to 1033 
to 1037. In all eases the specific gramty of water is taken as 1000. 

Composition. — The following table (Bunge) contrasts the milk 
of woman and the cow ; but it must be understood that these are 



Woman. 

Cow. 

Proteins (caseinogen and albumin) 

Butter (fat) 

Lactose 

Salts 

Vitamins A, D, B, C, . . 

Per cent. 

■ 1-7 

3-4 

6-2 

0-2 

4- + "h 

Per cent. 

3-5 

3- 7 

4- 9 

0-7 

+ 


average figures and are not strictly applicable to any particular 
individual. Thus, for example, the Frisig,n cow produces a more 
plentiful but more dilute milk than an Ayrsliire cow — and human 
milk varies from time to time in the same indi'vddual. Hence, in 
feeding infants on cow’s milk, it is necessary to dilute it, and add 
sugar and a little cream to make it approximately equal to natural 
human milk. Separated milk contains only about 0’5 per cent, of fat. 

The Proteins of Milk. — The principal protein in udlk is called 
caseinogen ; it is precipitable by acids such as 'acetic acid, and ako by 
saturation with magnesium sulphate, or half satmation with ammonium 
sulphate, so resembling globulins; it is coagulated by rennet to 
form casein. Cheese consists of casein with the entangled fat. 
The other protein in milk is lact-alhumin. It is present in small 
quantities only ; it differs in some of its properties (specific rotation, 
coagulation temperature, etc.) from serum-albumin. Human milk 
contains more than cow’s. 

The Coagulation of Milk . — Milk is coagulated by rennin, an 
enzyme secreted by the stomach, especially in sucking animals. 
Advantage is taken of this in the making of cheese, and of curds 
and whey or junket. ■ The rennet, as it is called commercially, is 
generally obtained from the calf. 

Some plants also contain a rennin, especially seaweeds. 
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The curd consists of the casein and entangled fat; the liquid 
residue called whey contains the sugar, salts, and albumin of the milk. 
It is doubtful if curdling is a chemical process. It may be mainly 
a physical (colloidal^ change. 

The ad^tion of rennet produces coagulation in milk, provided 
that a sufficient amount of calcium salts is present. If the calcium 
salts are precipitated by the addition of potassium oxalate, rennet 
causes no formation of casein. The process of curdling in milk is a 
double one; the first action due to rennet is the production of a 
change in caseinogen ; the second action is that of the calcium salt, 
which precipitates the altered caseinogen as casein. In blood, also, 
calcium salts, as we have seen, are necessary for coagulation. 

Caseinogen is a phospho-protein (see p. 278). In milk it 
is combined with calcium to form calcium caseinogenate ; when 
acetic acid is added, we therefore get calcium acetate and free 
caseinogen. 

The Pats of Milk. — The chemical composition of the fat of milk 
(butter) is very hke that of adipose tissue. There are, however, 
small quantities of fats derived from fatty acids lower in the 
series, especially butjuin and caproin. Each fat globule appears to 
be surrounded by a film of protein (Eamsden). Milk also contains 
small quantities of lipides (lecithin, cholesterol, and a yellow fatty 
pigment or lipochrome). 

Lactose, or Milk Sugar. — Tliis is a disaccharide (CjoHjoOn). Its 
properties have already been described. (See Carbohydrates.) 

Souring of Milk. — When milk is allowed to stand, the chief 
change which it is apt to undergo is a conversion of a part of its 
lactose into lactic acid Tliis is due to the action of bacteria normally 
present in the air, and would not occur if the milk was boiled and 
kept contained in closed sterilised vessels. This observation is of 
great historical interest as Lord Lister used it as liis example of 
bacterial action in his first lecture in London at King’s College. 
When soiu’ing occurs, the acid formed precipitates a portion of the 
caseinogen. This must not be confounded with the formation of 
casein from caseinogen, which is produced by rennet, but cheese may 
be made by both processes. There are, however, some bacteria which, 
like rennet, produce true coagulation. 

The Salts of Milk. — The principal salt present is calciiun 
phosphate ; a small quantity of magnesium phosphate is also present. 
The other salts are chiefly chlorides of sodium and potassium. 

It appears that milk is deficient in iron. The young animal 
obtains its iron from the placenta of the mother, and it has been 
suggested that females store iron in the liver for this purpose. Tliis 
iron deficiency renders milk an incomplete food during adolescence 
although suitable for the very young. 
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The Vitamins of Mi^. — Milk contains vitamin A with traces 
of B, G, and D, but only if the animal from which it is derived is 
fed on a suitable diet. The milk of cows which may not he given 
fresh food in winter is therefore liable to be deficient. The 
vitamin A will withstand boiling for a short period, and eyen drying 
if this is done rapidly. Human milk contains 5 to 10 times more 
vitamin A than cow’s milk. 

The Adaptation of Cow’s Milk for Humans. — ^Although a 
wide variety of animals produce milk its variation in composition is 
very great indeed. 

The milk best adapted for the nutrition of the young animal is 
that which comes from its mother, or, at least, from an animal of 
the same species. This is not, however, always possible in the 
feeding of children, and cow’s milk has to he substituted, but it 
is always a poor substitute, and it is not always realised that 
in spring cow’s milk may be much richer in fat than in winter, 
especially in some herds. Cow’s milk must be diluted, and sugar 
and cream added, so as to make it quantitatively like mother’s 
milk, but even then the question arises whether the essential 
difference between the two kinds of milk is not deeper than one 
of mere quantities; and, in particular, the pendulum of scientific 
opinion has swung backwards and forwards in relation to the 
question whether the principal protein, called caseinogeh in both, is 
really identical in the two cases. The caseinogen of human milk 
curdles in small fiocculi in the stomach, so contrasting with the 
heavy curd which cow’s milk forms ; and even although the curdling 
of cow’s milk be made to occur in smaller fragments by mixing . the 
milk with barley water or lime water, its digestion -proceeds with 
comparative slowness in the child’s alimentary canal. These are 
practical points well known to every clinical observer, and in the 
past they have been attributed, not so mueh to fundamental 
differences in the caseinogen itself, as to accidental concomitant 
factors ; the excess of citric acid in human milk, for instance, and 
its paucity in calcium salts, have been held responsible for the 
differences observed in the physical condition .of the curd and in its 
digestibility. The lact-albumin of cow’s milk is often responsible 
for eczema in children. 

Lactation, or the production of milk from the mammary glands, 
is discussed later in relation to Beproduction. 

The Mammary Glands. 

The mammary glands are composed of large divisions or lobes, and these are 
again divisible into lobules ; the lobules are composed of the convoluted and dilated 
subdivisions of the main ducts held together by connective tissue. Covering the 
general surface of the gland, -with the exception of the nipple, is a considerable 
quantity of fat, itself lobulated by sheaths and processes of areolar tissue. 
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The main ducts of the gland, fifteen to twenty in number, called the lactiferous 
ducts, are formed by the union of the smaller (lobular) ducts, and open by small 
separate orifices through the nipple. At the points of junction of lobular ducts to 
form lactiferous ducts, and just before these enter the base of the nipple, the ducts 
are dilated ; and dining the period of active secretion by the gland, the dilatations 
form reservoirs for the milk, which collects in and distends them. The walls of 
the gland-ducts are formed of areolar with some unstriped muscular tissue, 
and are lined internally by short columnar and near the nipple by flattened 
epithelium. 

During pregnancy the mammary glands undergo changes {evolution) which are 
readily observable. They enlarge, become harder, and more distinctly lobulated ; 
the veins on the surface become more prominent. The areola becomes enlarged 
and dusky, with projecting papillae; the nipple, too, becomes more prominent, 
and milk can be squeezed from the orifices of the ducts. This is a very gradual 
process, which commences just after conception, and progresses steadily during 
the whole period of gestation. In the gland itself solid columns of cells bud off 
from the old alveoli to form new alveoli. But these solid columns after a while 
are converted into tubes by the central cells becoming fatty and being discharged 
as the colostrum corpuscles above mentioned. After the end of lactation, the 
mamma gradually returns to its original size {Involution). The acini, in the 
early stages of involution, are lined ivith cells in all degrees of vacuolation. As 
involution proceeds, the acini diminish considerably in size, and at length, instead 
of a mosaic of lining epithelial cells (twenty to thirty in each acinus), we have five 
or six nuclei (some with no surrounding protoplasm) King in an irregidar heap 
within the acinus. No secretory nerves of the mammar}' gland have yet been 
discovered. The various changes which take place are produced by hormonal 
influences. 


Eggs. 

The chief constituent of the shell is calcmm carbonate. The 
white is composed of a richly protein fluid enclosed in a network of 
firmer and more fibrous material. 

The amount of solids is 13’3 per cent. ; of this, 12’2 is protein in nature (egg- 
albumin, vrith smaller quantities of egg-globulin, and of a mucinoid substance called 
ovo-mucoid), and the remainder is made up of sugar (0’5 per cent), traces of fats, 
lecithin, and cholesterol, and 0’6 per cent, of inorganic salts. 

The yolh is rich in food materials for the development of the 
future embryo especially a phospho-protein called vitellin. 

The nutritive value of eggs is high, as they are so readily 
digestible; but the more an egg is cooked the more insoluble do 
its protein constituents become. They are an important source of 
vitamins. 

Meat. 

Meat is composed of the muscular and connective (including 
adipose) tissues of certain .animals. The flesh of some animals is 
not eaten. This is largely a matter of fashion and of flavour. 

Meat is the most concentrated and most easily assimilable of 
nitrogenous foods. It is our chief source of nitrogen. Its chief solid 
constituent is protein, and the principal protein is myosin. In addition 
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to the extractives and salts contained in muscle, there is always a 
certain percentage of fat, even though all visible adipose tissue is 
dissected off. The fat-cells are placed between the muscle-fibres, 
and the amount of fat so situated varies in different animals ; it is 
particularly abundant in pork ; hence the indigestibiKty of this form 
of flesh : the fat prevents the gastric juice from obtaining ready access 
to the muscle-fibres. The hanging of meat leads to the formation 
of lactic acid and acid phosphates from organic phosphates and 
these facilitate the formation of gelatin from collagen during cooking. 

Different meats vary very little in composition. All contain 
70 to 80 per cent, of water, about 20 per cent, protein and '5 to 1 per 
cent, carbohydrate. The flesh of young animals contains more gelatin 
than that of old. The flavour of meat is due to extractives which 
have an unknown chemical composition. Cooking in any way causes 
a loss of about | of the water. 

The large percentage of water in meat should be particularly' 
' noted j if a man wished to take his daily supply of 100 grams of 
protein entirely in the form of meat, it .would be necessary for 
him to consume about 500 grams {i.e. a little more than I lb.) of 
meat. 


Flour. 

White wheat flour Js made from the interior of wheat grains, 
and co'ntains the greater proportion of the starch of the grain and 
most of the protein. Whole flour is made from the whole grain 
minus the husk, and thus contains not only the white interior but 
also the harder and browner outer portion of the grain' and the 
germ or embryo plant. This region contains a somewhat larger pro- 
portion of protein. Whole flour contains 1 to 2 per cent, more 
protein than the best white flour, hut it has the disadvantage of 
being less readily digested. Brown flour contains a. certain amount 
of bran in addition ; it is still less jdigestible, hut is useful as a 
mild laxative, the insoluble cellulose mechanically stimulating the 
intestinal canal as it passes along. 

The best flour contains very little sugar. The presence of sugar 
indicates that germination has commenced in the grains. In the 
manufacture of malt from barley this is purposely allowed to 

go on. • 

When mixed with water, wheat flour forms a sticky, adhesive mass 
called dough. Tliis is due to the formation of gluten. G-luten is a 
mixture of two proteins — ^namely, ghadin, which is soluble in alcohol, 
and glutenin, which is soluble in alkali. The adhesive character 
of gluten is due to ghadin ; grains which are poor in ghadin {e.g. rice) 
cannot be used for bread-making. - ' 
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The following table contrasts the composition of some of the 
more important vegetable foods: — 


Constituents. 

Wlinat. 

Barley. 

Oats. 

Rice. 

Lentils. | 

Peas. 

Potatoes. 

Water . 

13-6 

13-8 

12-4 

13-1 

! 

12-5 j 

14-8 

76-0 

Protein 

12-4 

11-1 

10-4 

7-9 

24-8 i 

23-7 

2-0 

Fat . 

1-4 

2-2 

5-2 

0-9 

1-9 - 

1-6 

0-2 

Starch 

67-9 

64-9 

57-8 

76'5 

54-8 

49-3 

20-6 

Cellulose 

2-5 

5-3 

11-2 

0-6 

3-C , 

7*5 

0-7 

Mineral salts 

. 

1-8 

2-7 

3-0 

1*0 

2-4 i 

3-1 

1-0 


We see from this table — 

1. The great quantity of starch always present. 

2. The small quantity of fat; that bread is generally eaten with 
butter is a popular recognition of this fact. 

3. Protein, except in potatoes, is pretty abundant, and especially 
so in the pulses (lentils, peas, etc.). The protein in the pulses is not 
gluten, but consists mainly of globulins. 

In mineral matter in vegetables, salts of potassium and magnesium 
are, as a rule, more abundant than those of sodium and calcium. 

Bread. 

Bread is made by cooking the dough of wheat flour mixed with 
yeast, salt, and flavouring materials. An enz}Tne in the flour acts at 
the commencement of the process, when the temperature is kept a 
little over that of the body, and forms dextrin and sugar from the 
starch, and then the alcoholic fermentation, due to the action of the 
yeast, begins. -The bubbles of carbonic acid, burrowing passages 
through the bread, make it light and spongy. This enables the 
digestive juices subsequently to soak into it readily and affect aU 
parts of it. In the later stages, viz., baking, the temperature is raised, 
the gas and alcohol are expelled from the bread, the yeast is killed, 
and a crust forms from the drying of the outer portions of the dough. 

White bread contains, in 100 parts, 8 to 10 of protein, 55 of 
carbohydrates, 1 of fat, 2 of salts, and the rest water. 

Cooking of Pood. 

The cooking of foods is a development of civilisation, and serves 
many useful ends : — 

1. It destroys parasites and prevents danger of infection. Tliis 
relates not only to bacterial growths, but also to larger parasites, 
such as tapeworms and trichinm. 
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2. In vegetable foods it breaks up the starch grains, bursting the 
cellulose and so allowing the digestive juices to come into contact 
; with the granulose. 

s 3. In animal foods it converts the insoluble collagen of the 
universally distributed connective tissues into the soluble gelatin. 
The loosening of the fibres is assisted by the formation of steam 
between them. By thus loosening the binding material, the more 
important elements of the food, such as muscle-fibres, are rendered 
accessible to the gastric and other juices. Meat before it is cooked is 
generally kept a certain length of time .to allow o'igor mortis to pass off. 

Of the two chief methods of cooking, roasting and boiling, the 
former is the more economical, as by its means the meat is first 
surrounded with a coat of coagulated protein on its exterior, which 
keeps in the juices to a great extent, letting little else escape but the 
dripping (fat).* Whereas in boiling, rmless both bouillon and bouilli 
are used, there is considerable waste. Cooking, especially boiling, 
renders the proteins more insoluble than they are in the raw state ; but 
this is counterbalanced by the advantages which cooking possesses. 

In making leef tea and similar extracts of meat it is necessary 
that the meat should be placed in cold water, and this is gradually 
and carefully warmed. In boiling a joint it is usual to put the meat 
into boiling water at once, so that the outer part is coagulated, and 
the loss of material minimised. • 

An extremely important point in this connection is .that beef 
tea and similar meat extracts should not be regarded as foods. 
They are valuable as pleasant stimulating drinks for invalids, but 
they contain very little of the nutritive material of the meat, their 
chief constituents, next to water, being the salts and extractives 
of flesh. 

Soup contains the extractives of meat, a very small proportion of 
the myosin, and the principal part of the gelatin. The gelatin is 
usually increased by adding bones and fibrous tissue to -the stock. It 
is the presence of this substance which causes soup when cold to 
gelatinise. 

Adjuncts to Pood. 

Among these must be placed: alcohol, the value of which within 
moderate limits is not as a food but as a stimulant; condiments 
(mustard, pepper, ginger, curry powder, etc.), which are stomachic 
stimulants, the abuse of which is followed by dyspeptic troubles; 
and tea, coffee, cocoa, and similar drinks ; these are stimulants 
chiefly to the nervous system. Tea, coffee, mat6 (Paraguay), guarana 
(Brazil), cola nut (Central Africa), bush tea (South Africa), and 
a few other plants used in various countries aU owe their cliief 
* This statement has recently been called into doubt. 
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property to an alkaloid called iheine or caffeine (trimethy 1-xanthine); 
cocoa to the closely related alkaloid, theobromine (S-Y-dimethyl- 
xanthine); coca to cocaine. These . alkaloids are all poisonous, and 
used in excess, even in the form of infusions of tea and coffee, produce 
over-excitement, loss of digestive power, and other disorders well 
known to physicians. Coffee differs from tea in being- rich in 
aromatic matters ; tea contains a bitter, principle, tannin ; to avoid 
the injurious solution of too much tannin tea should be allowed to 
infuse (draw) for a few minutes only. Cocoa is not only a stimulant, 
but a food in addition; it contains about 50 per cent, of fat, and 
12 per cent, of protein. In manufactured cocoa, the amount of fat 
is reduced to 30 per cent., and the amount of protein rises pro- 
portionately to about 20 per cent. The quantity of cocoa usually 
consumed is too small for these food materials to count very much 
in the daily supply. The amount of protein in solution (mainly 
proteose) in a breakfast cup of cocoa is under half a gramme ; most 
of the foodstuffs are in suspension, for cocoa is drunk “ thick,” not 
as a clear infusion. 

Green vegetables are taken as a palatable and valuable adjunct to 
other foods, rather than for their nutritive properties (see Vitamins). 
Their potassium salts are, however, abundant. Cabbage, spinach, land 
asparagus contain 80 to 92 water, 1 to 2 protein, 2 to 4 carbohydrates, 
and 1 to 1‘5 cellulose per cent. The small amoiint of nutriment in 
most green foods accounts for the large meals made by, and the vast 
capacity of the alimentary canal of, herbivorous animals. 

Fruits, like vegetables, contain chiefly water. They contain also 
organic acids, e.g. citric, and their salts, wliich become oxidised to 
carbonates in the body. Fruits therefore, with the exception of 
prunes and cranberries, promote an alkalinity of the body like a 
vegetable diet generally. Fruits and vegetables are also important 
sources of vitamins, and in virtue of their cellulose add appreciably 
to the bulk of the intestinal contents and so promote intestinal 
movements. 


Refekence. — Emerson, 1935 (alcohol). 
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THE STKUCTUKE OF THE ALIMENTAKY CANAL IN EELATION 

TO ITS FHNCTION 

In the lowest animals foodstuffs are absorbed through the surface 
from the environment, ' but the higher animals have developed a 
specialised canal in which the food is prepared for absorption into 
the blood. This is necessary because in nature the food is either 
protected or insoluble, otherwise it would be washed into the soil 
by the rain. 

This alimentary canal, as it is called, is essentially an inlet 
of the body surface with wliich it is continuous at both ends. 
Physiologically the contents of the alimentary canal riiay be 
considered outside the body, i.e. the tissues of the animal. The 
area over which the food is spread is enormous. If the mucous 
membrane of the small intestine alone was- unfolded and laid flat 
its area would be 1'5 square metres, but in addition it has projecting 
from its inner surface minute finger-like processes, the villi, which 
it has been calculated make the total up to about 40 square metres. 

The canal is designed to hold a quantity of food, so that eating 
need not be continuous, to digest it, and so render it suitable for 
absorption into the blood stream, and to return to the outside world 
those portions which are not digestible. In. addition it is a route 
by which the body gets rid of any mineral substances which may 
be absorbed in excess. Different parts of the canal specialise in 
different activities, thus the stomach is the chief container, the 
small intestine the chief absorbent region, while the large intestine 
is primarily concerned with the absorption of water and also with 
excretion, but there is considerable overlapping. Thus we see a 
common general structure with an exaggeration of some features 
in special regions. . These are seen in fig. 150, p. 400. There are 
considerable variations in different animals, among the more 
striking being the dual stomach and the enormous size of the 
colon in herbivora. 

The food is received into the alimentary canal, which may vary 
in complexity from a simple tube in the lower animals to that 
found in mammals. In man the alunentary canal consists of a 
long muscular tube lined by mucous membrane beginning at the 
mouth and terminating at the anus. It comprises the mouth, 
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pharynx, oesophagus or gullot, stomach, small intestine, and large 
intestine. Opening into it are numerous glands which pour juices 
into it; these bring about the digestion of the food as it passes 

along. Some of the glands, such 



Fio. 160.— Alimentary Canal. Pt, parotid gland; 
T, tongue; O, msopliagus; S, stomacli; GB, 
gall-bladder; Pn, pancreas; SI, small intes- 
tine; AC, ascending colon; TG, transverse 
colon ; DC, descending colon ; PC, pelvic 
colon ; B, rectum ; C, csecu^ ; A, appendix. 


as the gastric and intestinal 
glands, are situated in the 
mucous membrane which lines 
the canal; others, such as the 
salivary glands, liver, and pan- 
creas, are situated at a distance 
from the main canal, and pour 
their secretion into it by means 
of side tubes or ducts. 

, The outermost coat of the 
greater portion of the abdominal 
part of the canal has a seroii.s 
coat, or peritoneum of shiny 
pavement epithelium, which is 
moistened on its surface by 
lympli, and thus the canal can 
move freely with the minimum 
of friction on those structures 
with which it comes in contact 
in the abdomen and other parts 
of itself and the abdominal wall, 
which is likewise lined by a 
layer of peritoneum. 

The motive power of the 
canal, by which the food is passed 
on from one part to another, is 
supplied by its muscular coats. 

T?ic Mnsc'idar Coat . — This 
consists of two layers: in the 
outer, the fibres are arranged 
longitudinally, and in the inner, 
circularly. In the stomach, 
especially at the cardiac end, 
there is a tlurd coat, in which 
the fibres have an oblique di- 


rection. At the pyloric orifice 
of the stomach (that is, where the small intestine begins) the 
circular fibres are increased in amount to form a sphincter; bub 
at the cardiac orifice where the oesophagus enters there is no special 
ring, but a considerable area in the region is normally kept in a 
state of contraction, and by its relaxation not only allows food to 
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enter but makes room for it. The muscle-fibres are of the plain 
variety, except in the pharynx and upper part of the oesophagus 
where they are striated. 

The Mucous Membrane. — This consists of d,n- epithelium on 
its surface which is stratified in the mouth, pharynx, oesophagus, 
which is in contact with the rough food, and lower part of the anal 
canal, but columnar in other parts. It would seem that this mucous 
membrane, like epithelium elsewhere, becomes adapted to the kind 
of food its possessor habitually takes. Beneath the epithelium is 
a corium of connective tissue, in which there is lymphoid tissue ; in 
the intestine the lymphoid nodules are often spoken of as solitary 
follicles, except in the lower part of the small intestine (the ileum), 
where they are congregated together as Beyer’s patches and have 
the function of protecting the canal against bacterial invasion 
from the bacteria which abound in the large intestine, where, in the 
herbivorous animals, they perform the very important function 
of digesting cellulose. At the back of the mouth, the tonsils are 
masses of lymphoid nodules covered with mucous membrane. In 
the deepest part of the mucous membrane is a thinJayer of involuntary 
muscle called the muscularis mucosce, through which the ducts of some 
of the deeper glands of Brunner pass in the region of the duodenum. 

The two main coats (muscular and mucous) are connected 
together by a loose layer of connective tissue known as the 
submucous coat. In this the larger blood-vessels are situated which 
give off branches to the other two coats but more abimdantly to 
the mucous membrane. The submucous coat also contains a 
nerve plexus called the plexus of Meissner. 

The secreting glands in the wall of the alimentary canal have 
the function of produciug secretion of juices which are of two kinds, 
those which contain enzymes which assist in the digestion of the 
food, and those which contain mucus which is merely protective 
and lubricative. 

Glands are essentially insets of columnar epithelium the cells 
of ' which have become modified and manufacture secretion from 
the blood. They may, however, vary much in complexity as 
fig. 151, p. 403, indicates. 

Mucous glands are present throughout the canal and are 
especially important at each end. They are usually simple little 
glands lying just under the mucous membrane throughout the 
intestine, but in the large intestine there are large goblet cells, 
so-called because the open end after the discharge of mucus gives 
the cell a cup or goblet-like appearance. 

The gastric glands are tubular glands which differ in structare 
in different regions of the stomach, and which we shall consider 
at greater length in our description of gastric digestion. 
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The glands of the small intestine . — Throughout the whole of 
the small intestine there are a large number of simple tubular 
glands (lined with columnar cells) which open between the villi 
They are called the crypts of Lieberkiihn. In the first part of the 
small intestine, known as the duodenum, an additional set of glands, 
called the glands of Brunner, is found. They are embedded in the 
submucous coat, and the duct of each gland passes inwards to 
open on the surface of the mucous membrane. Each gland is a 
branched and convoluted tube lined with columnar epithelium. 

- The glands of the large intestine consist for the most part of 
mucous cells, but there are also excreting cells which discharge 
unwanted material from the body. 

The associated glands are those which lie at a small distance 
from the alimentary canal but pour their secretions into its lumen 
by way of ducts. They are the salivary glands whose ducts open 
into the mouth and the' liver and pancreas which pour their secretion 
into the duodenum. 

The villi are, as we have said, the minute projecting processes 
which confer an enormous area on the mucous membrane of the 
small intestine. Their limitation to the area where most of the 
absorption of foodstuffs takes place suggests their association with 
this process, and this is supported further by their detailed structure. 
Like the rest of the intestine their surfaces are covered by a layer 
of columnar epithelium. In the centre of a villus is a vessel or 
lacteal, so-called by its containing the milk-hke chyle when fat 
is being absorbed, while between the lacteal and the mucous 
membrane is a network containing leucocytes, blood-vessels, nerves, 
and strands of smooth muscle, all of which are intimately concerned 
with the phenomenon of absorption which is discussed in detail 
in a later section. The columnar cells covering the villi play an 
important part in selecting the substances to be absorbed, but 
interspersed between them are cells which secrete mucus. 

These various facts are illustrated in the following figure. 
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CHAPTER XXVll 


SECRETION 

As we have pointed out tliere is poured into the lumen of the 
alimentary canal a variety of juices called secretions. AVe shall now 
consider the nature of the secretory process in general; the details 
have been worked out in the salivary glands since these are 
conveniently situated for investigation. 

A secreting apparatus consists essentially of a layer of secreting 
cells surrounding a central cavity into wliich the secretion is poured. 
The cells, wliich contain granules representing the precursors of the 
substances secreted, lie on a basement-membrane in close relation to 
the blood-vessels wliich nourish the gland and which provide it with 
the raw materials of its secretion. That the granules in the cells are 
not the actual substance secreted but a precursor has been shown by 
chemical means in the case of the glands of the stomach, and by the 
reaction to histological reagents in the case of mucus-secreting glands. 
If the substance secreted is an enz}Tno the precursor is termed a 
zymogen. Intervening between the blood and the gland-cells is 
the lymph. 

Fig. 152 semi-diagi'ammatically shows some of the more important 
anatomical distinctions in the fomi of secreting glands, tubular, 
racemose, and so forth. 

- The process of secretion consists of a number of events which 
may he divided into two categories : 

1. The transference of water and certain substances dissolved 

in the water from the blood of the surrounding capillaries 
to the lumen of the acinus. 

2. The modification of the chemical composition of tliis solu- 

tion by the addition to it of substances manufactiured 
by the gland-cells, and by the prevention of substances 
in the lymph from traversing the gland-cell and reacliing 
the lumen. 

The Nature of the Process of Secretion. 

Great interest has always been aroused by the problem of secretion, 
as it is one of those processes in the body wliich at first sight might 
be explained on a physico-chemical basis, but wliich on further 
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analysis is shown to be very ranch more complicated. From a study, 
largely of the secretion of saliva, certain facts have been established 
in relation to secretion in general. (1) The osmotic pressure of the 
saliva is less than that of the blood, so that physically, water would 





Fig. 152.— Diagram of types of secreting glands, a, Simple glands, vir., g, straight 
tube; h, sac; i, coiled tube, n, Multilocular crypts; k, of tubular form; I, 
saccular, c, Kacemose, or saccular compound gland; m, entire gland, showing 
branched duct and lobular structure; n, a lobule, detached with o, branch of ' 
duct proceeding from it. d. Compound tubular gland. (Sharpey.) 

tend to pass from the saliva into the blood for reasons which 
have already been discussed; (2) the pressure of the secretion 
in the duct of the gland may' exceed the blood-pressure; and (3) 
substances occur in the secretion in greater concentration, c.g. 
eiizymes, than they do in the blood, or substances may be elaborated 
which do not exist in the blood as such at all, e.g. the hydrochloric 
acid of the stomach. These last two facts dispose of any contention 
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that the secretion is merely filtered off from the blood by a physical 
process. Further it has been calculated that it would require a 
pressure some twenty times greater than that of the arterial blood 
to produce from the blood a salt solution of the same concentration 
as that of saliva. (4) On the other hand, it can be shown that any 
increased concentration of the blood, i.e. raising the osmotic pressure 
of the blood, reduces secretion. (5) Finally, it has been shown that 
the more active the gland is the more oxy'gen is consumed, and it 



is evident that the gland uses fuel and does work in a physical 
sense. Electrical changes are also produced. 

It can he shown that this work is done not by the endothelial 
cells of the vessels hut by the cells of the gland, for the gland 
if placed in a plethysmograph becomes reduced in size when it 
secretes. A mere dilatation of the vessels set up by stimulation of 
the nerve brings about in a gland such as the submaxillary, after the 
administration of atropine to stop secretion, an increased volume. 
If, then, in secretion there is first an increase in permeability of the 
vessels consequent on their dilatation a preliminary increase in 
volume would be expected. This, as we have seen, does not occur. 
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If the salivary glands are examined histologically, granules can 
be seen to accumulate in the cells of the gland during rest, and 
during secretion the granules swell, are extruded from the free edge 
of the cell, and then dissolved. It is generally agreed that the cell 
does active work in manufacturing the granules, hut how the water 
is “pumped” into the lumen is very difidcult to .determine. The 
idea of the “pump” may he conveniently apphed to this process 
which we do not yet understand hut which forces fluid into the 
lumen of the gland against forces which tend to retain it in the 
blood. 

It has been suggested that the granules break down into smaller 
molecules which raise the osmotic pressure and cause water to he 
attracted from the blood. In part of the cell a 
solution more dilute than the blood is formed 
and extended, causing an increased concentra- 
tion in the remaining parts of the cells which , 
attract further water from the blood and lymph. 

Another view is that the side of the cell 
next to the basement membrane is impermeable 
to the osmotically active substances manu- 
factured by the cell, while the side next the 
lumen is not. From a tube closed at each end 
by such membranes a flow has been found to 
continue till the osmotically active substance 
is expelled and it is possible that secretion may fig. i 64 .— (From wishart.) 
be similarly produced. 

We do not, however, really know ; and still less have we any idea 
how secretion can be controlled by nerves, unless it be that the 
nerves cause ' the production of substances . which influence the 
permeability of cells of the gland. 

All glands are under the control of two sets of nerves, the 
sympathetic and the parasympathetic. In the alimentary canal 
thu sympathetic stops true secretion although it may cause existing 
secretion, to be driven from the gland. Stimulation of the para- 
sympathetic, or the use of a drug such as pilocarpine wliich has 
a similar action, increases secretion, while atropine causes a cessation 
of glandular activity. In surgical operations, especially on the nose 
and throat, atropine is an important means of . reducing the secretion 
in these regions. 

References. — Vincent, 1924, and Wishart, 1931. 
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SAilVA 

The saliva is formed by three pairs of salivary glands, called the 
parotid, submaxillary, and sublingual glands. 

The parotid glands are serous glands and secrete most of the 
saKva, the subliugual glands are mucous, and the submaxillaries 
mixed in type. 

If a resting fresh mucous gland is teased and examined in serum 
the cells are seen to be packed with large' granule's of mucinogen, 
which, when the gland is active, is transformed into mucin. The 
serous cells, which in a mixed gland appear as demilunes or crescents 
round the mucous cells, are smaller, and are full of fine granules 
of zymogm which becomes converted into ptyaHn the important 
digestive enzyme of the saliva. 

After secretion the cells shrink, they stain more readily, their 
nuclei become more conspicuous, and the outer part of each cell 
becomes clear and free from granules (fig. 155). 



Fia. 155.— Alveoli of parotid gland. A, before secretion ; B, in the first stage of secretion; 

0, after prolonged secretion. (Langley.) 

The Secretion of Saliva. 

The submaxillary gland has a double nerve-supply: (1) A 
parasympathetic supply from the chorda tympani, a branch of the 
seventh cranial, travels with the lingual nerve and passes to 
Langley’s ganglion in the hilus of the gland, where post-gangHonic 
fibres arise to be distributed to cells and blood-vessels. 

(2) A sympatTietic supply is derived from- the plexus around 

403 ■ . . 
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the facial artery and accompanies the arterial branches which supply 
the gland (see %. 156 ). 

When the chorda tympani is stimulated, secretion of saliva and 
dilatation of the arterioles take place invariably, but the action of 
atropine indicates that these two 
effects are quite distinct, although, 
no doubt, metahohtes normally assist 
in causing the vasodilatation. Differ- 
ences occur according to the strength 
and frequency of the stimulating 
current, but on the whole it would 
seem that the chorda controls the 
amount of secretion produced. 

Eecent investigations have shown 
that the part played by the sympa- 
thetic differs so widely in different - 
animals that the many theories 
formerly advanced of the relative part 
played by the two nerves must be 
regarded as mere matters of specu- 
lation (Babkin.) In the dog the 
secretion caused by sympathetic 
stimulation is thick, but in the cat it 
is thin. 

Section of the chorda tympani produces 
no immediate result ; but after a few days a 
scanty but continuous secretion of thin 
watery saliva takes place ; this is called paralytic secretion. If the operation is 
performed on one side, the gland of the opposite side also shows a similar condition, 
and the thin saliva secreted there is called the antilytic secretion. This suggests 
that the chorda exercises a trophic or nutritive function in relation to the cells of 
the gland. 

Besides the secretory mechanism regulated chiefly by the 
parasympathetic there is another wliich expresses the saliva from 
the gland. This mechanism is probably under the control of the 
sympathetic (Babkin), but it is not yet clear what histological 
elements are responsible for this pressor effect. 

Effect of Drugs on the Gland. Atropme . — ^After intravenous 
injection of this alkaloid, stimulation of the chorda tympani no longer 
produces secretion of saliva. Much larger doses are necessary to 
abolish the vasodilator effect of chorda stimulation, or the sjunpathetic 
flow in those cases where previous stimulation of this nerve evoked a 
secretion of saliva. 

Pilocarpine produces a copious flow of saliva, accompanied by 
vasodilatation. The duration of the action of choline is too short to 



Pio. 156.— UiajjTam of secretory nerve.? of 
submaxillary and sublingual glands. 
Two fibres of tbe cborda tympani (Ch.) 
are shown, oue of wliich supplies the 
sublingual gland, of which an acinus is 
shown ; the cell-station for this is in S. 
G., the so-called submaxillary ganglion. 
The other fibre supplies an acinus of the 
submaxillary gland ; its cell-station is in 
Langley’s ganglion (L. G.), within the 
substance of tiio gland. Sy. is a fibre of 
the sympathetic, ivliich has its cell- 
station in the superior cervical ganglion, 
S. G. G. (After Dixon.) 
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be effective, but we may presume that this substance is produced 
locally when the chorda tympani is stimulated. 

Ergotoxine paralyses the effects of sympathetic stimulation, but not 
those of stimulation of the chorda tympani. 

Adrenaline produces constriction of the blood-vessels. In some 
animals it evokes a considerable flow of saliva, and when this occurs 
the constriction of the vessels is followed by dilatation. This favours 
a view which has been advanced by some observers, that vasodilatation 
is in part produced by the chemical action of the products of activity 
(carbonic and lactic acids, etc.). * 

The sublingual gland is innervated by the same nerves as the 
submaxillary, but the preganglionic fibres of the chorda tympani 
have their cell-station in the so-called submaxillary ganglion which 
is situated between the lingual nerve and 'the deep part of the 
submaxillary gland (see fig. 156). This has been determined by 
Langley’s nicotine method (see Autonomic IsTervous System). 

The parotid gland also receives two sets of nerve-fibres analogous 
to those we have studied in connection with the submaxiUary gland. 
The principal secretory nerve-fibres are glosso-pharyngeal in origin, 
and reach the gland eventually by the auriculo-temporal nerve ; the 
sympathetic is mainly vasoconstrictor, but in the cat it does contain 
a few secretory fibres also. 

Mechanism of Salivary Secretion. — Under ordinary conditions 
the secretion of saliva is a reflex action. The, principal afferent nerves 
are those of taste ; but the smell or sight of food will also cause “ the 
mouth to water ” ; and under certain conditions, as before vomiting, 
irritation of the stomach has a s imil ar effect. These sensory nerves 
stimulate a centre in the medulla from which efferent secretory 
impulses are reflected along the secretory nerves (chorda tympani, 
etc.) to the glands. The subject has been extensively studied by 
Pavlov and Ms pupils, especially Babkin. 

An external fistula of the submaxillary duct is made in the 
dog, and it is found that the sight of food, the smell of food, or the - 
administration of any kind of food, causes secretion ; acid or even sand 
introduced into the mouth produces a s imil ar effect. The results on 
the parotid secretion are as follows : if the dog is shown meat or the 
meat is given to it to eat there is only a scanty secretion of tMck 
lubricating saliva (0'5 c.c. per minute). If, however, the meat is given 
as a dry powder, the secretion is much more copious (2 c.c. per minute) 
thin diluting saliva. In such experiments the dog must be' hungry, 
for the psycMcal element involved is important. It probably is 
the case that all constituents of the food causing secretion produce 
a flow from all the salivary glands, 'but different substances cause 
different amounts of saliva to flow, and this would naturally result 
from varied stimulation of touch and taste sensory nerve-endmgs. 
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Pavlov has shown that practically any stimulus may become a 
“conditioned” stimulus of salivary secretion if the stimulus, e.g. the 
ringing of a bell, has been previously associated with the giving 
of food. This became the basis of the study of Conditioned Peflexes. 

A marked reduction in the amount of saliva secreted takes place 
under conditions of emotional stress ; this used to be the basis of 
one form of trial by ordeal in which the accused was asked to 
eat a given amount of dry flour, and accounts also for the marked 
dryness of the mouth of public speakers in circumstances which 
bear no relation to their actual water requirements. 

Extirpation of the Salivary Glands. — These may be removed 
in the lower animals without any harmful effects. 

Thirst. (See Visceral Sensations.) 

The Saliva. 

The saliva is the first digestive juice to come in contact with the 
food. The secretions from the different salivary glands are mixed in 
the mouth ; the secretion of the minute mucous glands of the mouth 
and a certain number of epithelial scales and the so-called “ salivary 
corpuscles” derived from the tonsils are added to it. The liquid 
is transparent, slightly opalescent, of slimy consistency, and may 
contain lumps of nearly pure mncin. . On standing it becomes cloudy 
owing to the precipitation of calcium carbonate, the carbonic acid, 
which held it ia solution as bicarbonate, escaping. 

The three forms of saliva which contribute to the mixture vary 
in the amount of solids they contain, sublingual has most and parotid 
least. The latter contains no mucin: Mixed saliva contains in man 
an average of about 0'5 per cent, of solids : it has a specific gravity 
of 1002 to 1006 and its reaction varies from 5‘8 to 7’6 according 
to the pR of the blood (Mathur). 

The solid constituents dissolved in saliva may be classified thus ; 

{ a. Mucin : this may be precipitated by acetic acid. 

6. Ptyalin : a starch-digesting enzyme. 

. c. Protein : of the nature of a globulin. 
d. Potassium sulphocyanide. 

( e. Sodium chloride : the most abundant and important salt. 
Inorganic . 4 /. Other salts : sodium carbonate, calcium phosphate and 
( carbonate ; magnesium phosphate ; potassium chloride. 
Bacteria . Bacteria and viruses may also be present. 

The Functions of the Saliva. 

The functions of the saliva are several. By its chemical action 
it initiates the digestion of starch, it moistens the food and the 
mouth thereby facilitating swallowing and speech, while it plays 
an important part in cleansing the teeth and maintaining the water 
balance of the body. 
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The chemical action of saliva is due to its active principle, 
ptyalin, which’ belongs to the class of enzymes which are called 
amylases (starch-splitting) or diastases (resembling diastase, the 
similar enzyme in germinating barley and other grains). 

The starch is first split into dextrin and maltose ; the dextrin is 
subsequently converted into maltose also : this occurs more quickly 
with erythro-dextriu, which gives a red colour with iodine, than with 
the other variety of dextrin called achroo-dextrin, which gives no 
colour with iodine. The following provisional equation is given : — 


10(C,H,o 


InHgO 


[Maltose.] 


. .P5> + 

[Starch.] [Water.] 

+ (CeHiA). + 

[Achroo-dextrin.] [Erythro-dextrin.] 


Ptyalin acts in a similar way, but more slowly, on glycogen : it 
has no action on cellulose ; hence it is inoperative on starch grains, 
when the cellulose layers are intact. Starches vary appreciably in 
the ease with which they are digested by saliva. Mere grinding 
will allow the granules of rice and arrowroot to be acted upon hut 
not so in the case of wheat. It must be remembered that the husk 
of the seed contains a diastatic enzyme which would assist the 
saliva were it not commonly removed by milling or destroyed by 
the processes used in whitening the flour. 

Salivary digestion by swallowed saliva continues in the stomach 
for a variable time. In some cases Cannon found that the food lying 
in the fundus of the stomach of animals in a quiescent horizontal 
posture underwent amylolysis for at least two hours, because the 
relative absence of movement in this region imtil quite late stages in 
digestion prevented admixture with gastric juice, especially in the 
interior of, the swallowed masses. 

If an animal is fed on difierent coloured foods it wiU be seen 
that the last taken passes into the centre of that which has 
previously entered. In this way the period of salivary digestion 
in the stomach is prolonged, since the food moistened with saliva 
is protected for a time from the gastric juice the acidity of which 
destroys ptyalin. Eecently Campbell and Pembrey have demon- 
strated that even in man salivary digestion may continue much 
longer than is commonly supposed; especially is this the case if 
the secretion of gastric juice has been diminished by severe exercise. 
It is of interest to observe that normally we take fat with starch 
(e.g. butter with bread, cream with pastry, milk with porridge), and 
that the effect of fat is to reduce appreciably the amount of gastric 
secretion and presumably to prolong salivary digestion. 

Ptyalin acts best at about- the temperature of the body (35-40° C.). 
For its action, salt ions are necessary, especially the chlorine ion 
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of sodium chloride as may be seen by the. rise of blood sugar after 
a carbohydrate meal if salt is given. Ptyalin acts best in a neutral 
or slightly acid medium and in the presence of small amounts of 
salts ; a small amount of alkali makes but bttle difference ; a very 
small amount of additional acid stops its activity. Starch digestion 
is eventually stopped by the hydrochloric acid secreted by the glands 
of the stomach which destroys the ptyalin. 

The lubricating and cleansing action of saliva is important 
in relation to speech and swallowing. Dry food is made into a 
plastic mass and lubricated by the mucin, while after a meal the 
saliva does much to prevent food and debris lodging in the teeth. 
Some claim that its buffering- action is an important protection 
against the acids produced by bacteria which might decalcify the 
enamel of the teeth. Certainly caries takes place where such 
lodgment is present. When the saliva is deficient as in fevers the 
mouth becomes foul and the tongue furred. 

The Saliva and Heat Loss. — Much of the difficulty in 
interpreting the results of stimulation in different animals is 
due to the fact that saliva is not only a digestive juice but an 
important substance in maintaining the moisture of the mouth 
in those animals which depend on heat loss from the respiratory 
tract, e.g. the dog and sheep. In conditions of great fear, e.g. during 
an air-raid, a dog may pant and secrete very large amounts of watery 
saliva, as it does if it gets too hot. 

The Saliva and Water Balance. — As we shall see in a later 
section the moisture of the mouth determines the sense of thirst 
which is appreciated by the nerve endings at the back of the 
tongue. Saliva, therefore, plays an important factor in the 
maintenance of the water balance of the body. When the blood 
becomes too concentrated saliva is reduced. 

The excretory function of saliva is suggested by the various 
substances, which it may contain, e.g. urea in kidney disease, sugar 
in pancreatic disease, lead in lead poisoning, sulphur and calcium. 
The latter becomes deposited as tartar on the teeth. Bacteria and 
viruses are also excreted in some diseases and cause the saliva to 
become a source of infection. 
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DIGESTION IN THE STOMACH 

The stomach performs a twofold function. It acts as a container 
of food, a function which is specially important in ruminants which 
regurgitate the food during the act of rumination. The stomach 
acts as an organ of digestion by providing facilities for the continu- 
ation of salivary digestion and by initiating the digestion of the 
proteins; this latter it does in virtue of the gastric . juice secreted 
by the glands in its waU. , 


The Composition of Gastric Juice. 

This varies according to the time at which the sample is taken 
after a meal, but average figures are given in the following table : — 


Constituents : — 


Per cent. 


1. Water . . . . . 

2. Enzymes (chiefly pepsin, rennin, lipase) . 

3. HCl, free . . . . . 

4. Chlorides (inorganic as HCl) 

5. Phosphates ... 

6. Organic acids 

7. Blood-forming (haemopoietic) factor. 

8. Bile which has regurgitated from the 

duodenum. 

9. Mucus. 

10. Xerve-nourishing (neuropoietic) factor. 


99-44 

0-32 

002 - 0-2 

0 - 03-03 

|about 0-01 


• The presence of the specific acid was first recorded by Silliman of Yale in 
samples from St Martin. The acidity had been noted by Beaumont 


The Hydrochloric Acid. 

Of special interest is the.HCl and chloride content of the juice, as 
they have a special relation to gastric ulcer. In practice the free HCl 
is estimated by titration with X/10 XaOH, using Tdpfer’s reagent, 
which changes from red to yellow ’at ^H 3-6, as an indicator, then 
total chlorides by the Volhard method. The content of inorganic 
chlorides is then found* by subtracting 1 from 2. The total acidity 
of the juice is estimated, using phenolphthalein, which changes at 
pE. 8-3 from colourless to red, as an in^cator, and is of interest, as 
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this, less the free HCl, gives the amount of organic acid present. It 
must he understood that the chlorides may be expressed as such 
or as HCl, but one expression may readily be converted into the 
other by making use of the molecular weights 58-5 HaCl — 36‘5 HCl. 
These simple estimations do not take into consideration HCl in 
combination with protein. This is really included in the inorganic 
chlorides as estimated above and in the total acidity. 

The normal amount of juice per hour is usually about 200 c.c,, 
of which about 1'85 c.c. is free,HCI. The mucus varies very much 
in amount and appears to act as a lubricant and protective. It is 
greatly increased by irritants. 

The Sotbrcc of the Hydrochlork. Acid . — This acid is produced 
from the oxyntic cells of the fundus glands. The chloride comes 
from the blood whose chloride content becomes lowered during 
secretion, - but how living cells can produce such a strong acid 
is difficult to understand. The probability now appears to be that 
phosphates play an important part, and that the acid is released 
according to the reaction JSfaHgPO^ + Had = HagHPO^ + HOI. 
HCl is known to be set free in the carriage of COg by the blood. 
The injection of dyes and staining reactions have suggested that the 
interior of the cells may really be acid. 

In support of this view it has been found by Collip that the 
parietal cells are very rich in phosphates and poor in chlorides 
during rest, while the latter rises during activity. Further, it has 
been shown that circumstances which tend to shift the acid-base 
equilibrium of the body towards the acid side increase the secretion 
of HCl, e.g. the administration of OOg or acid sodium phosphate. 

Actions of Gastric Juice. 

The action of gastric juice depends on its content of Pepsin 
and Hydrochloric Acid. These act together in the digestion 
of protein at an optimum of ^H 1'5, i.e. about equal to H/10 HCl. 
Pepsin is an enzyme and may be differentiated from the trypsin 
of the pancreatic juice (see below) by the fact that it acts in acid 
solution only. It has now been prepared in crystalline seed-like 
form, but its exact nature remains undetermined. It is probably 
a protein. (See Enzymes, p. 304.) 

Hative proteins are digested by the pepsin-hydrochloric com- 
bination into peptones (see Protein Hydrolysis), but the peptone 
resists further breakdown by this enzyme. The only proteins not 
digested are the sclero-proteins and protamines. 

The digestion of protein envelopes of .cells facilitates the 
digestion of starch and fat by other enzymes, and, therefore, 
insufficiency of acid may be an important cause of the intestinal 
fermentation of starch (Knott and Hurst). 
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Gastric juice, because it digests and destroys bacteria, is 
antiseptic. Many bacteria are swallowed with the food, and thus 
the body is protected from them. If,.however, they are in excessive 
numbers they may escape digestion and cause putrefaction or 
disease, such as typhoid fever. 

Rennin curdles milk by converting the soluble caseinogen of 
Tm'lk into insoluble casein, which comHnes with calcium to form 
calcium caseinate, the curd which is subsequently digested by the 
HCl and pepsin. Eennin and pepsin are distinct enzymes. They 
may be precipitated and destroyed by diferent agencies as their 
optimum reactions suggest. 

The reaction takes place at an optimum of 6’0 to 6'5, a fact 
which facilitates the clotting of milk soon after being taken, since 
at this pepsin is inactive. 

Lipase, a fat-splitting enzyme, is present in small amounts. The 
protein envelopes of the fat-cells are first dissolved by the pepsin- 
hydrochloric acid, and the solid fats are melted. They are then split 
in small measure into their constituents, glycerol and fatty acids. 
This action is mainly produced by a regurgitation of the contents of 
the duodenum mixed with pancreatic juice; but even after the 
pylorus has been Hgatured and regurgitation prevented, the gastric 
juice itself produces a small amount of fat-splitting, and therefore 
contains lipase. 

Gastric juice inverts cane-sugar into glucose and fructose. This 
also is due to the acid of the juice and is frequently assisted by 
inverting enzymes contained in the vegetable food swallowed. The 
juice has no action on starch. 

Mucus or mucin is an important protective agent against auto- 
digestion and is increased greatly by irritants. 

It is a slimy, viscid, tenacious substance and probably plays an 
important part in the protection of the stomach. It is a glyco- 
protein which has a remarkable antiseptic action due to the 
mucoitin-sulphuric acid which it contains (Babkin and Komarov). 
A dried preparation is now used clinically where it is desired to 
inhibit peptic digestion (e.g. in gastric ulcer). 

The Blood-forming (Castle’s Extrinsic) Factor, — The presence 
of this factor, as has been indicated in relation to the red 
blood-corpuscles, was first suspected because of the defective gastric 
secretion so common in the disease pernicious anaemia, in which 
there is a great paucity of such corpuscles in the blood. 'The 
administration of pig stomach is found to be beneficial in the 
treatment of the disease, and more especially that part of the 
duodenum which contains Brunner’s glands. 

The haematinic principle is present in normal gastric juice and 
is quite distinct from its other constituents, but is destroyed by 
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heating to 70° C.^ Its production does not, however, run parallel to 
the HOI or pepsin. ^ Since normal gastric juice alone is ineffective • 
in benefiting pernicious anaemia hut becomes so on being incubated 
with beef, it is concluded that an intrinsic factor 'of the juice 
■ reacts with an extrinsic principle present in ox muscle, yeast, and 
other articles of diet to liberate a hcematinic principle which is stored 
in the liver, conferring on liver its curative properties in relation 
to the disease. 

The Neuro-poietic Factor.— ^There is some evidence that' the 
( stomach may also produce a substance which is concerned with 
the nutrition of the nervous system, for the chronic inflammation 
and atrophy of the organ, which produces pernicious anaemia, is 
sometimes associated with degeneration of the postero-lateral columns 
of the spinal cord. 

Bile may he present when the stomach is empty and is due to 
regurgitation of the duodenal contents. ' -- 

The Limitation of Gastric Acidity. — It is seen that the 
percentage of HCl in freshly secreted gastric juice is about Oh per 
cent., hut it must be understood that this concentration of HCl is 
not normally in contact with the stomach-wall. During digestion 
much of the free HCl is neutralised by the amphoteric protein of 
the food and the ultimate percentage is only about 01 to 0‘2 per cent., 
which is about the optimum pH 1'5 for the action of pepsin. 

When the food has left the stomach the acidity is prevented 
from rising by regurgitation of the alkaline fluid from the duodenum. 
The evidence for this is that bile and lipase may be found in the 
stomach, and that although at the end of an hour and a half after 
a meal there is a reduction in the concentration of free HCl in the 
stomach, the chloride content still remains high. This' is well seen 
in fig, 157. Eegurgitation has also been observed by X-rays (Bolton). 
Some neutralisation may also take place as a result of the secretion of 
alkali by the cells of the pylorus as described by Heidenhain, while 
Beaumont in his original experiments on Alexis St Martin noted 
that the mucous membrane was alkaline during rest. 

According to Maclean, however, the persistence of the high 
chloride content is due to the’ secretion of neutral chloride by 
the stomach itself, and the fall in the free HCl is' due to the action 
of H-ions on the stomach. In support of this theory he has shown 
that the introduction of any acid into the stomach will cause a 
cessation of the secretion of HCl produced by dilute alcohol, but 
he does not, explain why this mechanism so readily breaks down 
and hyperchlorhydria occurs. The views of Bolton and Maclean 
are not, however, mutually exclusive. , 

There is reason to believe that regurgitation from the duodenum 
is of clinical importance and that if it is reduced and the gastric 

- o 



418 


DIGESTION IN THE STOMACH 


[CH. XXIX. 


acidity rises there is an abnormal liability to gastric nicer, for the 
byperchlorhydria prevents an injury of the mucous membrane from 

beabng. On the other hand, 
excessive regurgitation may 
occur to neutralise abnormal 
acids {e.g. butyric) taken in with 
or produced from the food, and 
may result in the so-called 
bilious attack.” 

It has long been stated that 
the administration of fat increases 
the regurgitation from ’ the 
duod,enum, but in view of the 
work of Roberts a more detailed 
investigation of this problem is- 
necessary. 

In this connection it is 
interesting to note that bile 
precipitates pepsin. 


Variations in the Quality of 
Juice produced by Different 
Stimulants. 

Tliere has been considerable 
evidence that the juice produced 
by different stimulants varies. 
Meat has been found to produce 
a juice higher in acid content 
than that of bread but lower 
in pepsin content. Even milk 
causes a slightl}' greater acidity 
than bread but less pepsin (Pavlov, Carlson). 

Why does the Stomach not Digest Itself ? — There have been 
many theories advanced to explain- this. Claude Bernard suggested 
that the mucus and the epithelium were protective, others have 
suggested the alkalinity of the tissues, the presence of anti-enzjunes, 
and the difference between the structure of Imng and dead 
tissue. One or more of these factors may play a part, but the 
latest evidence, of Horthrop, indicating that the digestive enzymes 
do not enter living cells because they cannot pass the cell membrane 
until the cells are dead, takes us a step further. 

The historical aspects of the subjects are given by Robertson, 
1931. See also Ryle, 1926. 



Fiq. 157. — A record by Bolton of the analysis of 
gastric juice of a normal man taken by the 
fractional method. TC, Total chlorides ; IC, 
Inorganic chlorides; Act. HCl, Free hydro- 
chloric acid. Samples ■were taken each quarter 
of an hour. Described in text. 
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The early physiologists arrived at the idea of the chemical action 
"of the gastric juice by somewhat heroic methods. ' We read of 
Spallanzani (1729-99), originally Professor of Mathematics and 
G-reek at Eeggio, who swallowed sponges tied, to strings .and 
pulled them up again to obtain samples; of Stevens in Edinburgh 
(1777), who persuaded a man to swallow small perforated boxes 
containing meat, which were later regurgitated; and of Lavoisier 
in Paris, who swallowed linen bags and even perforated boxes filled 
with meat and examined them after they had been voided per -* 
rectum. He also obtained samples of gastric juice by making 
himself vomit before breakfast, and showed that it brought about 
digestion in vitro. 

Fistula. — The most celebrated investigations are. those of 
Beaumont, an American Army surgeon, upon Alexis St Martin in 
1822, who, in virtue of a gunshot wound, had a gastric fistula, i.e. 
an opening between the stomach and the exterior. -He showed 
that the taking of food caused a reddening of the gastric mucous 
membrane and a secretion of hydrochloric acid. Carlson has studied 
a similar subject (see below). 

Fractional Method, of Rehfuss. — ^A rubber tube of small bore 
(Einhorn) with an expanded end and enclosing a metal bead (Eyle) is 
used. It may be left in position for several hours if desired. Samples 
may then be drawn off at intervals of 15 minutes by means of a syringe ' 

. and the results of analysis expressed on a curve (see fig. 157, p. 418). 
The test “meal” consists of strained porridge (flavoured with salt) 
which is readily aspirated, or of dilute alcohol. Some investigators, 
however, prefer to administer by subcutaneous injection histamine 
(0‘75 mg.) or 15 units of insulin. Histamine (see special section) 
is, however, liable to cause severe headache and fainting. These 
tests are now used extensively to determine the functional activity 
of the stomach, which becomes greatly reduced in inflammatory 
states of long standing ; but it will be .realised .that semi-solid meals 
result in a considerable dilution and neutralisation of the juice, and 
that when the emptying of the stomach is rapid the concentration of 
acid in the juice rises more rapidly than normally. Swallowed 
saliva causes both dilution and neutralisation and is to be avoided. 

It must be admitted that there are so many fallacies in the test 
and it is so difficult to obtain a state of mental quiet in a patient ' 
unaccustomed to the sometimes disagreeable technique, that as a 
diagnostic aid the test does not give so much information as first' 
thought. The complete absence of HCl is a valuable indication 
of inflammatory danaage to the glands, and a liigh climbing acidity 
curve indicates that the subject is liable to ulcer. 
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The Method of the Pavlov Pouch. — Much of our knowledge 
has been obtained by the use of the Pavlov pouch (so called after 
its inventor). A piece of the stomach with its nerve and blood 
supply intact 'is completely separated off from the main stomach. 
Such a pouch reacts to various stimuli like the main stomach, 
although food does not normally enter it. (See fig. 158.) 



Fig. 155.— The Pavlov Poticft.— All the layers of the anterior and posterior walls of the stomach are 
cut along the line AB. This is parallel to the line of the hlood-vessels and avoids the vagus 
nerves L.v. and E.v. The mucous membrane of the anterior and posterior walls is cut (a) and 
sewn (b) to form a sac S which is separated by two layers of mucous membrane, c. The muscular 
and peritoneal coats are then sewn as indicated and the mucous membrane of the sac sewn to the 
skin of the abdominal wall A with which it rapidly fuses. (From Pavlov.) 


Another procedure adopted was to divide the oesophagus and 
attach the two cut ends to an opening in the neck. The animals 
could thus be subjected to: (1) real feeding, (2) sham feeding, by 
allowing them to eat food which subsequently passed out tlirough 
the neck opening, and (3) psychical feeding, in wMch the animal was 
shown the food but was not allowed to eat it. 


Mechanism of Secretion of Gastric Juice. 

1. Central Nervous Mechanism . — ^As long ago as 1852 Bidder and 
Schmidt showed in a dog with a gastric fistula that the sight of 
food caused a secretion of gastric juice ; and in 1878 Eichet observed 
that in a man with complete occlusion of the gullet the act of 
mastication caused a copious flow of gastric juice. 

Sham feeding with stones, butter, salt, pepper, mustard, and acid, 
though it excited a flow of saliva, produced no effect on the stomach. 
If, however, meat was used for the sham feeding, an abundant and 
active secretion (gratification of appetite secretion) occurred in the 
stomach (that of the smaU stomach was actually examined) after a 
latency of about five minutes. The secretion is thus adapted to 
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the kind of food the dog has to digest; the larger the proportion 
of protein in the diet, ‘the more abundant is the juice, and the richer 
both in pepsin and acid. 

Indeed, if the animal is hungry and shown the meat and not 
allowed to swallow it, the effect is almost as great (psychical 
secretion), but if the animal is not hungry, secretion may be 
practically absent. The following striking .experiment also shows 
the importance of the psychical element.' Two dogs were taken, 
and a weighed amount of protein introduced into the main stomach 
of each without their knowledge ; one was then sham fed on meat, 
and one and a half hours later the amount of protein digested by 
this dog was five times greater than that which was digested by 
the other. The efferent pathway concerned is probably the vagus, 
as the following experiments suggest. 

If the vagi are cut (below the origin of the recurrent laryngeal to 
avoid paralysis of the larynx), and sham feeding is then performed 
with meat, no secretion is obtained; the vagi therefore contain the 
secretory fibres. The experiment of stimulating the peripheral end 
of the cut nerve confirmed this hypothesis. The nerve was cut in 
the neck four or five days before it was stimulated; in this time 
degeneration of the cardio-inhibitory fibres took place, so that 
stoppage of /the heart did not occur when the nerve was stimulated ; 
under these conditions a secretion .was obtained with a long latency ; 
the latency is explained by the presence of' secreto-inhibitory fibres. 
Atropine abolishes this action of the vagus as it does all secretions. 
The removal of the cerebral cortex also abolishes this vagal secretion 
from the smell and sight of food, ie. psychical secretion. It does 
not,'' however, abolish gratification of appetite secretions which 
depend on the more direct stimulation of taste. 

The juice produced when the vagus is stimulated is rich in both 
pepsin and HCl, and during its secretion the vessels of the stomach 
wall become engorged with blood. Presumably the vagus brings 
about a release of acetylcholine at its endings, and possibly histamine 
also (Babkin). 

Stimulation of the sympathetic causes a secretion' of a poor 
digestive quahty but rich in mucus. It seems probable that the 
erosions of the stomach which are produced by damage to the 
hypothalamus of the brain are due to lack of sympathetic activity and 
of mucus. 

The Effect of Insulin. — Gastric secretion is brought about by 
the injection of insulin. The .cessation of the secretion when glucose 
is injected into the blood stream indicates that the secretion is due 
to the fall of the blood glucose which insulin brings about, but the 
effect is not direct for it is found that reduction of the glucose in 
the blood to the brain only has a similar result. The nervous 
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pathways concerned appear to be the vagi, for the secretion is 
rich in pepsin and is abolished if the nerves are cut. For some 
unexplained reason there is, however, sometimes an interval of 
almost an hour before the secretion appears. 

Parathyroid extract also causes a- secretion of gastric juice. 

2. Gastric Mechanisms . — These factors in digestion are studied 
by putting substances into the stomach without the knowledge 
of the subject. The mere distension of the stomach with food 
causes a secretion of gastric juice even when the organ is denervated. 
How far this is mechanical and the result of the gastric movements 
set up (Babkin) and how far it is chemical is not quite settled. 
It is probably both. Certain substances have a special stimulating 
action on secretion. Of these the most important are meat 
extracts, but even water may cause a small secretion. Dextrin, a 
product of salivary digestion, however, as shown by Herzen, causes 
secretion of much juice rich in pepsin and h}"drochloric acid. 
The products of proteolysis are also peptogenic, so that when once 
digestion has started, a stimulus for more secretion is provided. 

Alkalis such as sodium bicarbonate, except in large doses, cause 
a secretion of gastric juice, but neutralise it at first, while acids 
such as acetic bring about a cessation of acid secretion (Maclean). 

It has recently been denied that substances Hke meat extracts 
or alkalis produce these effects by local action (Babkin, Iv}'). In 
man, of course, psychic and appetite effects are not usually 
excluded. Histamine causes a marked secretion. 

It was found by Edkins that extracts of the wall of the pyloric 
canal injected into the blood stream caused a secretion of gastric juice, 
and he suggested that the hydrochloric acid in coming in contact 
with the pyloric canal causes the absorption into the blood of a 
substance gastrin, which causes this gastric secretion. Several 
workers, especially in America, in attempting to repeat these 
observations have, however, concluded that the stimulating principle 
is really histamine (Gavin, McHenry, and Wilson) but Lim of Pekin 
has been equally satisfied that histamine-free extracts are effective. 
This latter view receives some support. and Farrell have 

succeeded in transplanting a pocket of stomach to the mammary 
region and have found that digestion in the stomach led to a secretion 
in the pocket. Ivy and other collaborators could not, however, 
prepare active extracts free from lustamine. 

Certain articles of diet such as fat diminish the gastric secretion 
during the first hour but thereafter the acidity of the gastric juice 
may be increased, possibly owing to delayed emptying and to absence 
of duodenal regurgitation (Roberts). If, therefore, fats are given to 
reduce secretion it is essential that they are followed later by 
alkali such as magnesium oxide. According to Ivy, the fat ^brings 
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about ^ the release of an, inliibitoiy agent enterogastrone from the 
intestine which acts by way of the blood stream. 

3. Intestinal Mechanisms . — It has now become evident that the 
presence of food in the intestine causes a secretion of gastric juice. 
It occurs after section of all nerves, but how exactly it is produced 
is not quite certain. A hormone may be produced or the products 
of digestion after absorption may stimulate (Lim, Ivy, McCorky). 

Carlson’s Man. — A. large amount of information regarding the 
secretion of gastric juice in man has been obtained by Carlson in 
a man with a gastric fistula like that of Alexis St Martin. He has 
shown that, apparently, the psychic secretion is not so important in, 
man as the experiments of Pavlov suggest, but that the secretion 
which takes place when there is gratification of appetite is specially 
important. Apparently man, being more sophisticated than the dog, 
does not unconsciously presume he will get food until he actually 
does so. Carlson has shown that articles which are pleasant to the 
taste of the individual, evoke considerably more gastric juice than 
others. We see here the importance of the cook in relation to our 
digestion. Whatever the actual cause there can be no doubt that 
meat extracts, especially if pleasantly flavoured, cause a marked 
increase in the hydrochloric acid and pepsin in normal man, a point 
of very considerable importance in the stimulating of poor digestion 
and conversely in the "prevention of excessive secretion in the 
treatment of gastric ulcer. 

The effect of emotion on gastric secretion has been clearly 
demonstrated. It was noted in Pavlov’s laboratory that the sight 
of a cat markedly reduced . the amount of juice secreted by a dog,' 
and other similar observations have been made in Carlson’s man, and 
also by Venables and Bennett, who have shown that, as in the case 
of the saliva, the secretion of gastric juice may be markedly reduced 
by mental stress. They hypnotised an airman with a gastric tube 
in position and found that there was an immediate reduction of 
gastric secretion when flying difficulty was suggested to him. It has 
also been shown that sympathetic stimulation causes a reduction of 
gastric secretion (Flint and Moll). We shall see later that gastric 
movements may similarly be reduced. Disgusting smells such as that 
of indole also inhibit secretion (Hawk). 

The Physiological Order of a Dinner. — It is of considerable 
interest jthat mankind has gradually evolved an order of taking 
articles of food which is fairly physiological. The tasty hors-d’oeuvre 
or soup come early to stimulate secretion, in virtue of appetite 
secretion and of the effect of meat extracts. This is followed by the 
main protein course. ..Then comes the- carbohydrate or sweet course, 
the starch, which by coming late, has all the more chance of being 
digested by the saliva. Last comes the fruit, which cleanses the 
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teeth, and whose acid promotes the secretion of saliva for furthering 
the digestion of the sweet. In addition, as pointed out by Pavlov, we 
have cultivated the convention that it is a pleasure for indmduals 
to dine together under conditions most favourable for stimulating 
the appetite and promoting a sense of well-being. 

Alcohol. — The consumption of alcohol with meals is a time- 
honoured custom. It used to he taught that this substance had no 
stimulating action on the gastric secretion, hut since the introduction 
of the fractional method of investigating the gastric contents it has ' 
been found that dilute alcohol causes a very appreciable secretion 
of hydrochloric acid (Maclean). There seems little doubt, also, that 
by paralysing some of the higher mental mechanisms it promotes a 
sense of well-being and by “ drowning ” cares may he of much value 
in promoting digestion. 

The Effect of Exercise. — ^There is now some evidence that 
physical exercise may bring about a secretion of gastric juice. This 
is suggested by the fact that in anaesthetised animals there is a 
secretion of gastric juice when the limbs are tetanised (Feldberg). 
The evidence is that the substance carried in the blood is histamine. 
The subject is of special interest, as it is known that gastric ulcer, 
which is aggravated by the acid juice of the stomach, is greatly 
benefited by physical rest in bed. 

On the other hand, in animals with a Pavlov pouch, and also 
in man, there is evidence that digestion is markedly reduced by 
severe exercise during or immediately after a meal 


The Structure of the Stomach in Relation to its Pimction. 

The coats of the stomach are similar to those seen elsewhere 
in the alimentary canal. Especially in the cardiac region it has 
oblique muscle in its wall. 

The glands of the mucous membrane are of three varieties: 
(a) Cardiac, (6) Fundus and body, and (c) Pyloric. 

(a) Cardiac glands are (1) simple tubular glands lined by "short 
colu mn ar granular cells, (2) small tubulo-racemose glands, only 
found quite close to the cardiac orifice. They probably secrete 
mucus. 

(5) Fundus and body glands are foimd throughout the remainder 
of the stomach except the pylorus. They are arranged in groups of 
four or five which are separated by a fine connective tissue. Several 
tubules open into one duct, which forms about a third of the whole 
length of the tube and opens on the surface. The ducts are lined with 
columnar epithelium. The gland-tubules are lined with coarsely 
granular polyhedral cells (central cells). The central cells are mingled 
with a variable number of cells with clearer protoplasm which Lim 
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proposes should be called mucoid cells. Between these cells and the 
basement-membrane of the tubes are large oval or spherical cells, 
opaque or granular in appearance, with oval nuclei, bulging out the 
basement-membrane ; these cells are called oxyntic or parietal cells. 
They do not form a continuous layer. 

The central cells elaborate the pepsinogen granules which may 
be dissolved out of the wall of the stomach in alkali solution 
(Langley). Such a solution is not, however, active until made acid 
and preferably pepsin added. 

During secretion they discharge their granules, those which 
remain being cliiefly situated near the lumen, leaving in each cell 
a clear outer zone. The rennet-enzyme that causes the cur dlin g 
of millc is also formed by the central cells. 

The oxyntic cells undergo merely a change of size during secretion, 
being at first somewhat enlarged, and after secretion - they are- 
somewhat shrunken. They are so called because they secrete the 
hydrochloric acid of the juice. 

(c) Pyloric (rZawifs.— These are found in the pyloric canal, and 
have longer ducts than the fundus glands. Into each duct two 
-or three tubules -open by very- short and narrow necks, 
and_ the body of each tubule is branched . and convoluted. The 
lumen is large. The ducts are lined with columnar epithelium, 
and the tubules with shorter and finely granular cubical cells, not 
at all unlike the mucoid cells of the fundus glands. The pyloric 
glands have no parietal cells. As they approach the duodenum the 
pyloric glands become larger, more convoluted and more deeply 
situated. They are directly continuous with Brunner’s glands in 
the duodenum. 

These glands secrete a viscid alkaline juice containing no pepsin 
(Lim). 

The function of the various glands of the stomach was originally 
shown by Heidenhain who succeeded in making, in a dog, culs-de-sac 
of various parts of the organ. 

Reference. — Babkin, 1928. 
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DIGESTION IN THE INTESTINES 

Digestion in the intestine is brought about by the juice which is 
poured into the gut by the neighbouring gland, the pancreas, assisted 
by the bile and the secretions elaborated by the glands in the intestinal 
wall itself. 


The Pancreas. 

The pancreas or stomach sweet-bread lies in the loop of the 
duodenum. Generally it resembles the salivary glands in structure, 
hut scattered between the ordinary glandular cells are small masses of 
epithelial cells free from ducts. These are the islets of Langerhans 
which produce insulin. The granules of the cells are of two kinds : 
(a) granules wliich are fixed by alcohol, and (b) granules which 
are fixed by fixatives in watery solution, e.g. formaldehyde. The- 
granules may be demonstrated by injecting neutral red into the 
animal before death (i.e. intravitam staining). 

Composition and Action of Pancreatic' Juice. 

The pancreatic juice may be obtained by a fistula in animals, 
a cannula being inserted into the main pancreatic duct; but as 
with gastric juice, experiments on the pancreatic secretion are 
frequently performed with an artificial juice made by mixing a weak 
alkaline solution (1 per cent, sodium carbonate) with an extract of 
pancreas which is usually made with glycerol. 

Quantitative analysis of human pancreatic juice gives the follow- 
ing results : — 

Water 97'6 per cent 

Organic solids 1-S „ 

Inorganic salts . . . . ^ . 0’6 „ 

In the dog the amount of solids is much greater. 

The organic substances in pancreatic juice are — 

(a) Enzymes. These' are the most important both quantitatively 
and functionally. They are six in number : — 

i. Trypsin, a proteolytic or proteoclastic enzyme. In the fresh 
juice, however, this is present in the form of trypsinogen, which is 
less active, but which becomes activated by the succus entericus; 
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ii. and iii. Ohymotrypsin and carboxypeptidase which act like 
trypsin. (Northrop.) 

iv. Amylase, an amylolytic (amyloclastic) enzyme. 

V. Lipase, a fat-splitting or lipolytic (lipoclastic) enzyme, 

vi. A milk-curdling enzyme. 

(&) A small amount of protein matter, coagnlable by heat. 

(c) Traces of leucine, tyrosine, xanthine, and soaps. 

The inorganic substances in pancreatic juice are — 

Sodium chloride, which is the most abundant, and smaller quan- 
tities of potassium chloride, and phosphates of sodium, calcium, and 
magnesium. The alkalinity of the juice is due to phosphates and 
bicarbonates, especially of sodium. 

1. Trypsin. — The name is derived from a Greek word meaning 
“ to grind.” Thus we are reminded of old views of how the digestion 
took place. Trypsin acts like pepsin, but with certain- differences, 
which are as follows : — 

(a) It acts in an alkaline medium (optimum pH 8-1), (qf. pepsin 
in an acid), but it decomposes rapidly if allowed to stand in solutions 
more acid than pH 6‘0. 

(b) It acts more rapidly than pepsin; deutero-proteoses can be 
detected as intermediate products in the formation of peptone; the 
primary proteoses have not been detected. 

(c) Alkali-meta-protein is formed in place of the acid-meta- 
protein of gastric digestion. 

(d) It acts more powerfully on certain proteins (such as elastin) 
which are difficult of digestion in gastric juice. It does not, however, 
digest collagen. 

(e) Acting on solid proteins such as fibrin, it eats them away 
from the surface to the interior ; there is no preliminary swelling as 
in gastric digestion. 

(/) Trypsin acts further than pepsin, and rapidly splits up the 
proteose and peptone which have left the stomach into simpler sub- 
stances, the polypeptides. The polypeptides in their turn are 
' resolved into their constituent amino-acids. These no longer give 
the biuret reaction. In addition to these there is a certain amount 
of ammonia. 

Trypsin is then a much more powerful, rapid, and complete 
catalyst than pepsin, but it acts much more readily after pepsin 
has already acted on a protein. 

Fresh trypsin, or rather trypsinogen, obtained from the pancreatic 
duct is much less active than trypsin. ■ Activation is brought about 

by the intestinal juice. " 

Both trypsin and tryspinogen have now been obtained in crystal- 
line form. The crystals of trypsin take the form of short rods. 
Those of trypsinogen are in small triangular prisms. (Northrop.) 
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2. caiymotrypsin is an enzyme similar in its action to trypsin 

but having a - different crystalline form and differing in some of its 
chemical properties. It is activated from its zymogen only by 
trypsin. , 

3. Carboxypeptidase is present in extracts of pancreas and 
is probably present also in the secreted juice. Its crystals are 
larger and less uniform than those of trypsin. It is activated 
by trypsin and by the enterokinase of the intestinal juice and is 
proteolytic. 

Antitrypsin, etc . — It has also been shown that there exists in 
the pancreas a trypsin-inhibitor which can be crystallised in 
hexagonal many-faced crystals.- 

At this point it is convenient to remark that there is a 
trypsin-like enzyme in the white blood-corpuscles which digest 
bacteria. 

4. Amylase (and Maltase). — ^Pancreatic_ juice is much more 
active than saliva, and it will act even on unboiled starch. The 
small amount of this enzyme in the juice of infants is an indication 
that starch is not their natural diet. Some observers have foimd ■ 
small quantities of maltase in pancreatic juice. 

It has been pointed out by Hurst and Knott that vegetable 
starches are more easily digested if they are first acted upon by the 
hydrochloric acid of the stomach. If the starch is not adequately 
digested it may ferment in the intestine and give rise to flatulence. 

5. Lipase. — Fats are split by pancreatic lipase into glycerol 
and fatty acids. The fatty acids unite with the alkalies, to form 
a small amount of soap. 

If a glycerol extract of pancreas is filtered, the filtrate has no lipoclastic action ; 
the material deposited on the filter is also inactive, but on mixing it with the 
inactive filtrate once more, a strongly lipoclastic material is obtained. In this way 
lipase is separable into two fractions : the material on the filter is inactive lipase ; 
the material in the filtrate is its co-enzyme ; the latter is not destroyed by boiling. 
Bile salts also activate the inactive lipase, and this explains tlie fact that bile 
favours fat-splitting. 


Pancreatic juice also assists in the emulsification of fats; this it 
is able to do because it is alkaline, and it is capable of liberat- 
ing fatty acids, which form soaps with the alkali present; the 
soap forming a film on the outer surface of each of the fat globules 
prevents them running together. Such emulsification is, as we 
shaU see, greatly facilitated by the action of bile which reduces 
surface tension. The proteins present make the emulsions more 
permanent. 

6. ^Milk-curdling Enzjrme. — The addition of pancreatic extracts 
or pancreatic juice to milk causes clotting; but this action (which 
differs in some particulars from the clotting caused by rennet) can 
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hardly ever be called into play, as the milk upon which the juice has 
to act has been already curdled by the rennin of the stomach.'*' 


The Mechanism of Pancreatic Secretion. 

It was first shown by Popielski and Wertheimer and Le Page 
that a fiow of pancreatic juice still occurs when the nerves supplying 
the duodenum and pancreas have been cut through ; and later 
Wertheimer found that the flow can be excited by injection of acid 
into the jejunum, but not when it is injected into the lower part of 
the ileum. These authors concluded that the secretion depended on 
a local reflex. 

Tills subject was reinvestigated by Starling and Bayliss. They 
showed that the secretion cannot be reflex, since it occurs after 
extirpation of the cceliac plexus, and destruction of all nerves passing 
to an isolated loop of intestine. It must therefore be due to direct 
stimulation of the pancreatic cells, by a substance or substances 
conveyed to the gland from the bowel by the blood-stream. 

Such a substance was discovered. by' Bayliss and Starling, and 
called secretin. They found that if dilute hydrochloric acid (0‘4 per 
cent.) is placed in the duodenum, or if an extract of the duodenal 
wall (made with dilute HCl but subsequently neutralised and freed 
from protein) is injected into the blood-stream, pancreatic secretion 
. occurs, although this is not caused by injection of acid only into the ‘ 
blood-stream. The presence of this acid in the stomach suggested 
that hydrochloric had a specific action in this way, but subsequently 
it- has been shown (Mellanby; also Harper and Vass) that many 
. substances (food, water, normal saline, alcohol), especially lile, when 
introduced into the duodenum were capable of exciting a fiow of 
pancreatic juice and increased enzyme output independently of 
nerves. Purther, it was recognised from clinical reference that 
pancreatic digestion was not impaired in the absence of free 
hydrochloric acid in the gastric juice. An analysis of these and 
many other factors showed that secretin is present as such in the 
duodenal mucous membrane, and that secretin is carried into 
the blood by bile salts when bile is absorbed from the duodenum. 
Hence the secretion of pancreatic juice is intimately related to 
the entrance of bile into the duodenum. The discharge of bile 
from the gall-bladder and liver into the duodenum is in turn 
determined by the passage of peristaltic waves from the pylorus 
down the small intestine. Each peristaltic wave is preceded by 
a wave of inhibition which- releases the sphincter of the common - 
bile-duct as it passes through the muscle of. the duodenum; this 

* Whether the action on milk is due to a special enzyme, or is a side action of 
trypsin, is a moot point, similar to that raised in relation to pepsin. 
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relaxation determines the discharge of a few drops of bile into the 
duodenum. Hence the sequence of events leading to pancreatic 
secretion is as follows : the stomach discharges its contents into the 
upper part of the duodenum ; this initiates peristaltic waves which 
pass down the small intestine ; when a peristaltic wave reaches the 
entrance of the common bile duct, the sphincter is relaxed and bile 
enters the duodenum ; the bile salts are absorbed and carry secretin into 
the blood ; the secretin stimulates the pancreas to secrete pancreatic 
juice and the bile salts are returned to the liver to act as cholagogues. 

Secretin has been prepared by Mellanby and appears to be a 
polypeptide. It is intensely active, 0'03 mgr. injected intravenously 
into a cat producing about 3-0 c.c. of pancreatic juice. It is soluble 
in water and dilute alkali, but is insoluble in dilute acid. It is 
probably the same substance in all animals and is not specific to 
any one kind of animal. The amount present in the intestinal 
wall becomes less and less below the duodenum. (See Stile, 1931.) 

Although secretin is a special hormone for the pancreas it 
must be understood that the organ may be stimulated by non-specific 
substances, such as histamine, which occur in extracts of almost 
any organ. Secretin causes a copious flow of a dilute solution of 
sodium bicarbonate from the gland. It also causes the intestinal 
muscle to contract forcibly. 

Another hormone, pancreozymin, has been found to be 
responsible for stimulating the secretion of enzymes by the organ 
(Harper and Eaper). It is found with secretin in alcoholic extracts 
of the intestine, but the secretin may be removed by dissolving it in 
bile salt solution, after which the pancreoz^unin may be precipitated 
by the addition of HaCl. The substance is thermostable but is 
destroyed by pancreatic juice. The response of the pancreas to 
pancreozymin is not affected by nerve section or the administration 
of atropine. 

Pavlov by experiments of a similar natui’e to those which led 
him to the discovery of the secretory nerves of the gastric mucous 
membrane, discovered the secretory nerves of the pancreas in the 
vagus. Later it was shown that the formation of the enzymes of 
the pancreas is under the control of the vagus nerves. This latter 
action, as shown by Bayliss and Starling, does not appear to be 
paralysed by atropine. Secretion is inhibited by stimulation of the 
sympathetic in the cat (Harper and Yass), but in the dog Pavlov 
obtained a small secretion by such stimulation. 

In concluding, therefore, we ma}' sa}' Jhat the vagus and 
pancreozymin are responsible for the production of enzymes and 
that they are carried into the duodenum b}' the flow of sodium 
bicarbonate solution caused by secretin, thereby ensuring the 
presence of the optimum reaction at which the enzymes will act. 
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Adaptation of tlw Pancreas . — To a certain degree it cannot be doubted that 
the pancreas adapts its secretion to the work it has to do. Thus, whereas gastric 
^ice has a maximal flow soon after the ingestion of food, the pancreatic flow 
does not attain its full force until some time later, that is, when it is wanted. The 
view that this is due to the hormone named secretin, which is not formed until 
the gastric contents enter the intestine, fully explains the reason for the delay.' 

^ But Pavlov went further than this, and stated that the proportion of the 
various enzymes of the juice was adapted to the proportions of proteins, carbo- 
hydrates, and fats in the food taken. Considerable doubt has been cast on these 
■ results, because of the failure to confirm one of the most remarkable instances of 
such adaptation ; this is the power of the pancreas to secrete lactase (an enzyme 
capable of hydrolysing lactose). Normal pancreatic juice contains no lactase, but 
certain observers stated that by feeding an animal on milk, the pancreas could 
be educated to secrete it. Careful experiments by Plimmer have shown this is 
not really so, and therefore much more stringent experimental conditions will have 
to be imposed before the other adaptations can be considered proven. 


The Succus Entericus. 

Tke.BuccHs entericus is secreted chiefly by Lieberkuhu’s crypts. 
It may be studied in isolated loops. Thiry’s method is to cut the 
intestine across in two places ; the loop so cut is still supplied with 
blood and nerves, as its mesentery is intact; this loop is emptied, 
one end is sewn up, and the other stitched to the abdominal wound. 
The continuity of the remainder of the intestiue is restored by 
fastening together the upper and lower portions of the bowel from 
which the loop has been' removed. InYeUa’s method both ends of 
the loop are sutured to the wound in the abdomen. (See fig. 159.) 

The succus entericus contains an important activator of the 
pancreatic juice known as enterokinase. Claude Bernard, in 
studying the juice from the pancreatic duct, entirely missed its 
tryptic action, for the fresh juice is inactive. Later it was shown 
by Pavlov that if fresh pancreatic and intestinal juices are mixed 
together, the result is a powerful proteolytic mixture, though' neither 
juice by itself is so active. 

Some activation takes place slowly through the influence of 
calcium (Mellanby and Woolley). 

Trypsinogen, the precursor of trypsin, will digest peptones, 
histones, and protamines, but in association with the intestinal juice 
will also digest the more resistant substances such as fibrin, gelatin, 
and. casein. (Willstatter, 1928.) It used to be considered that 
trypsinogen was (j^uite inactive, but this "statement refers to its 
action on certain proteins only. 

It was formerly difficult to be sure that the action of trypsinogen 
-was not in part due to a minute amount of trypsin, but now they 
have been shown to be quite distinct by crystallisation. 

Several suggestions have been made as to how activation may take 
place. It may be that 'trypsinogen is a complex consisting of trypsiu 
united with a protein moiety, and so long as the enzyme is combined 
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in this way it is only partially active ; enterokinase acts upon the 
protein moiety, and thus liberates -the trypsin (J. Mellanby and 
Woolley). In any case it seems certain that the activation is due to 
the rupture of a peptide link (Northrop). 

Ti’ypsinogen, however, does not depend wholly on enterokinase 
for activation. It may become spontaneously activated in ground-up 
■ pancreas or be transformed into trypsin by auto-catalytic action 
at pH 7-0. 

It is also suggested (Waldschmidt-Leitz) that the trypsin action 
is restricted to the splitting of two arginine groups, since it needs 
neither NH, nor COOH groups. This is shown by the fact that it 
' still acts if H is added to the HHg or if the COOH gi-oup is esterified. 
Some protein-splitting enzymes need these groups. ^ Enterokinase 



Fia.159 . — niagram of intflstinal fistula. I, Thiry’a method ; II, Vella’s method. A, Abdominal 'wall; 

B, intestine, 'with mesentery ; C, separated loop of intestine, •with attached mesen'teiy. 

appears to be one of these. This may explain why it has been found 
that enterokinase appears to enter into ■chemical combination. with 
trypsinogen in definite proportions. It may really be a combination 
with substrate acted upon by trypsinogen. Enterokinase is therefore 
not an enz;^e as its name suggests, or it may be that eventually all 
enzymes will be shown to act similarly. 

Succus entericus has no action on native proteins such as fibrin 
and egg-white, but it acts on proteoses and peptone (Cohnheim). 
It rapidly breaks them up into simpler substances, of which 
ammonia, leucine, tyrosine, and the hexone bases have been iden- 
tified. Cohnheim named the enzyme to which this is due erepsin; 
Hamburger found that erepsin is also present in the human juice ; 
it is not identical with enterokinase, because erepsin is destroyed 
dy heating the juice to 59° 0. for three hours ; enterokinase is not 
bestroyed until the temperature is raised to 67° 0. A similar enzyme is 
present in most tissues j it is most abundant in the kidney. (V emon.) 

Cohnheim investigated the action of erepsin on a large number 
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of ^ proteins ; it acts energetically on proteoses, peptone, and prota- 
mines : ^ on liistones, which occupy an intermediate place between 
protamines and the other proteins, it has a slight action. On the 
other native proteins it has no action, with the single exception of 
caseinogen, which is speedily broken up into simple substances ; this 
opens up the interesting physiological possibihty that the suckling 
infant is able to digest its protein nutriment even if pepsin and 
trypsiu are absent. 

The succus entericus possesses the power of converting disaccha- 
rides • into monosaccharides. This power it owes to three enzymes. 
Invertase or sucrose is the enzyme which inverts and hydrolyses 
sucrose or cane-sugar — that is, it converts sucrose iutp glucose 
and fructose. The chemical term “inversion” has already been 
explained. It has been extended to include the similar hydrolysis 
of other disaocharides, although there may be no formation of Ieovo- 
rotatory substances. The enzyme in the juice which converts 
maltose into glucose, is called maltase; and that which acts upon 
lactose is called lactase. It also contains nucleinase, phosphatase, 
and deaminase, which act as their names suggest. 

The secretion of the intestinal juice is brought about by the 
presence of the intestinal contents which cause mechanical and 
also chemical stimulation. The various products of digestion such 
as dextrins, soaps and proteoses are particularly efficient excitants 
if placed in isolated intestinal loops. Secretin and histamine, if 
injected into .the blood-stream, cause a marked secretion; indeed if 
secretin is administered to a fasting animal, the mixture of pancreatic- 
and intestinal juice secreted is so powerful, that having no food to 
act upon, it will produce inflammation and erosion of the intestinal 
walk (Starling.) 

The presence of pancreatic juice causes the intestine to secrete 
enterokinase. 

The hile, as we shall find, has little or no digestive action by 
itself, but combined with pancreatic juice it assists the latter in all 
its actions. This is true for the digestion of starch and of protein, 
but most markedly so for the digestion of fat. 

Bile has also an important action in stimulating pancreatic 
secretion and in the absorption of fats. Occlusion of the bile- 
duct by a gall-stone or by inflammation prevents bile entering the 
duodenum. Under these conditions the fseces contain a large amount 
of undigested and digested fat which has escaped absorption. 


General Aspects of Digestion. 

In our consideration of digestion we see that the occurrences in 
the alimentary canal are not a series of isolated phenomena. Each 
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step follows in an orderly manner as the result of the previous one. 
The product of salivary digestion, dextrin, causes' gastric secretion ; 
both secretions are affected by mental states which also affect gastric 
movements. The food leaving the stomach sets up peristaltic waves 
in the duodenum and causes the pouring out of bile which in turn 
causes the absorption of secretin from the duodenal wall; the 
secretin is taken by the blood-stream to the pancreas, where it 
excites a flow of pancreatic juice; this juice arrives in the duodenum 
ready to act on starchy substances and on fat. The' pancreatic juice, 
however, cannot act on proteins without enterokinase, which is 
supplied by the succus entericus; this activates the trypsin.- The 
trypsin and alkali with the assistance of erepsin effectively complete 
the proteolysis begun by the acid and pepsin of the stomach, while 
the inverting enzymes of the succus entericus complete the digestion 
of the carbohydrates. 

The role of hormones in the process of digestion generally is 
discussed by Ivy, 1930, and the mechanism of secretion by the 
stomach by Babldn, 1933. The early work on the subject of the 
digestive glands is given by Pavlov, 1902. 



' CHAPTEK XXXI 

SOME METHODS USED IH INVESTIGATING DIGESTIVE JUICES 

The following are important examples of methods commonly used:— 

To estimate Amylolytic Activity— The most typical of 
numerous methods employed in the investigation of the rate of 
starch digestion (by saliva, pancreatic amylase, plant diastase, etc.) 
consists in the determination of the achromic point, that is, the 
moment when iodine ceases to give a colour, all the erythro-dextrin 
having been converted into achrob-dextrin and maltose. The mixture 
of starch solution and digestive fluid in known proportions is kept in 
a water-bath at constant temperature (40° C.). Every half minute or 
so a drop of the mixture is transferred with a glass rod to a drop of 
iodine solution on a testing slab, As long as starch is present the 
colour struck will be blue ; then as erythro-dextrin appears the colom' 
will be violet, and when all starch has gone, reddish-brown. This 
gradually gets fainter and fainter until finally the achromic point is 
reached. The time occupied from the start is noted. If this is done 
with the same quantity of saliva from different people' a relative 
measure of the activity of their saliva is obtained. If it is done with 
different quantities of saliva from the same person, it will be found 
that the time occupied in reaching the achromic point is inversely 
proportional to the amount of saliva used. 

To estimate Activity of Lipase. — As before the digestive fluid 
containing the enzyme is mixed with the fat, and, after incubation at 
the usual temperature ’ for a given time, the amount of fatty acid 
liberated can be ascertained by titrating with a standard solution of 
alkali using phenolphthalein as indicator, the point of neutrality with 
this indicator being signalised by the appearance of a pink colour. 

To estimate Proteolytic Activity. — Here the methods are 
numerous, and may be divided into two categories: {a) those in 
which the rate of solution of a solid protein is used as an index 
of .the action of the enzyme, as in Eoaf’s and Mett’s methods, and 
(&) more complex methods in which the rate of action is ascertained 
by estimating the amount of the products (amino-acids) liberated. 

Roafs Method . — This is a modification of G-riitzner’s method. 
G-riitzner used fibrin stained with carmine, and when the fibrin is 
digested the carmine is set free, and from the depth of colour of the 
liquid the amount of fibrin digested can be estimated cqlorimetrically. 
The disadvantage of this method is that it can be used only for gastric 
juice, since when alkali is present the carmine is dissolved out by 
it , before digestion sets in. This was overcome by Eoaf by using 
Congo-red instead of carmine. 

- ’ 485 
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Mett's Method . — This is now very generally employed. Pieces of 
narrow glass-tubing of known length are filled with white of egg. 
This is set into a solid by heating to 95° C. The tubes are then placed 
in the digestive fluid at 36° C.. and the coagulated egg-white is digested. 
After a given time the tubes are removed ; and if the digestive process 
has not gone too far, only a part of the little column of coagulated 
protein will have disappeared ; the length of the remaining column is 
easily measured, and the length that has been digested is a measure 
of the digestive strength of the fluid. 

Tiie Formaldehyde Method of Sorensen. — In this method the 
basic amino-groups liberated are methylated by the addition of 
formaldehyde, with the result that the digestion mixture becomes 
more acid. The progress of the reaction, indicated by increasing 

]sr 

acidity, can be followed by titrating with ^ hTaOH. The usual 

procedure is to place the digestion mixture of protein, trypsin, and 
0'4 per cent, sodium carbonate in an incubator at 37°-40° C., 
to withdraw samples every fifteen minutes, neutralise, add formalin, 
and titrate. The results can be shown gi’aphically. 

Colour Tests for Gastric Acids. — Hydrochloric acid is absent in 
some diseases of the stomach, notably in cancer ; many colour tests 
for this acid have been introduced from time to time, but by far the 
most characteristic and delicate is the following : — 

Topfer’s test. — A drop of dimethyl-amino-azo-benzene is spread 
in a thin film on a white plate. A. drop of dilute hydrochloric acid 
(up to 1 in 10,000) strikes with this in the cold a bright red colour. 

Lactic acid is soluble in .ether, and is generally detected by 
making an ethereal extract of the stomach contents, and evaporating 
the ether. If lactic acid is present in the residue it may be identified 
by using a ferric chloride-phenol solution made as follows : — 

10 c.c. of a 4-per-cent, solution of phenol. 

20 c.c. of distilled water. 

1 drop of the liquor ferri perchloridi of the British Pharmacopoeia. 

On mixing a solution containing a mere trace (up to 1 part in 
10,000) of lactic acid with this violet solution, it is instantly turned 
yellow. Larger percentages of other acids (for instance, more than 
0‘2 per cent, of hydrochloric acid) are necessary to decolorise the 
test solution, but they do not turn the solution yellow. 

Another colour test, that of Hopkins, is performed as follows : — 
5 c.c. of sulphuric acid and 3 drops of a saturated solution of copper 
sulphate are added to a few drops of lactic acid dissolved in alcohol. 
The mixture is placed in boiling water for five minutes, and then 
cooled; 2 drops of 0'2 per cent, alcoholic solution of thiophene are 
then added ; on replacing the tube in boihng . water a cherry-red 
colour develops. 
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THE ABSOEPTION OE lOOD 

Food is digested in order that it may be absorbed. It is absorbed in 
order that it may be assimilated, that is, become an integral part of 
the living material of the body. The digested food thus diminishes 
in quantity as it passes along the abmentary canal, and the fteces 
contain the undigested or indigestible residue. 

Foods such as water and soluble salts bke sodium chloride 
are absorbed unchanged. The organic foods are, however, consider- 
ably changed, colloid materials such as starch and protein being 
converted" respectively into the diffusible materials glucose and 
amino-acids. 

We have- seen that the structure of the alimentary canal is 
peculiarly adapted to its various functions. 

In the mouth and oesophagus the thickness of the epithelium and 
the quick passage of the food through these parts reduce absorption 
to a minimum. Absorption takes place very slightly in the stomach. 
The most recent observations show that water is not absorbed 
in the stomach, but alcohol is absorbed to some extent, and 
also prussic acid. Water, indeed, may invoke a secretion of gastric 
juice. Salts also do not seem to he absorbed unless present in great 
concentrations, such as do not occur in normal diets; sugar is 
absorbed with difficulty. 

Absorption takes place particularly in the upper part of the small 
intestine, and by the time the intestinal contents reach its lower 
end the products of digestion have been largely absorbed. In the 
large intestine water particularly is absorbed. 

There are two channels of absorption, the blood-vessels (portal 
tributaries) and the lymphatic vessels or lacteals. In general terms, 
the proteins and carbohydrates and some fats are absorbed by the 
blood-vessels, and the rest of the fats by the lacteals. 

This formation of water-soluble, diffusible substances is not, 
however, the only significance of the. breaking down of foodstuffs. 
It is also essential that these breakdown products should be non- 
specific substances. The importance of this can be seen with proteins. 
Proteins of one species of animal are toxic if injected into the 
circulation of another species, and cause the production of specific 
antibodies. But if the same protein is taken into the intestine, it is 
split up into non-specific and non-toxic amino-acids (or polypeptides). 
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Such a destroying of the toxicity probably also occurs during the 
absorption of fats. Fatty acids would be toxic if absorbed in very 
large amounts, and the resynthesis to neutral fat abolishes this 
danger. 

A third significance of the breaking down of foodstuffs is closely 
related to the above. The body builds up from its food, .tissues 
which are specific to the animal, and this is only possible if the food 
substances are first broken down to relatively simple molecules. 
The difierent plant and animal proteins which are eaten are broken 
down and built up again into the proteins which are specific to the 
species. Similarly, fats are split up into different fatty acids, which, 
after absorption, combine with glycerol to form the specific fats of 
the animal, with characteristic composition in the different organs. 
This formation of specific fats can, however, be influenced by the 
nature of the fatty acids in the food. If excessive quantities of a 
certain fat are fed, the nature of the fat of the reserve deposits wiU 
be altered. When such reserve fat is needed in metabolism, however, 
it changes into the normal specific fat before passing to the organs. 

Among the carbohydrates the disaccharides (sucrose, maltose and 
lactose) are diffusible and can be absorbed as such, but are then 
passed through the body to a great extent unused, formally, 
however, when not present in very great quantities, they are broken 
down into monosaccharides, which can be used as such by the body, 
or built up into glycogen, the characteristic polysaccharide of animals. 

Thus, in the intestine, the foodstuffs are converted into forms 
which are not only diffusible, but also non-toxic, and capable of being 
used directly by the organism or of being built up into the characteristic 
substances of the body. 

Absorption of Carbohydrates. — ^^Ye have seen in considering 
the various digestive juices that all the carbohydrates are hydrolysed 
to monosaccharides in the intestinal tract. For convenience these 
reactions may be summarised; — 

Starch dextrins maltose glucose 

(by ptyalin of saliva and amylase (by maltase of succus 

of pancreatic juice). entericus). 

Cane-Sugar glucose and fructose (by invertase of succus entericus). 

Lactose glucose and galactose (by lactase of succus entericus). 

When, however, the blood is examined it is found that glucose 
only is present normally, since fructose and galactose are converted 
into glucose by the liver. This is, indeed, made the basis of the 
fructose (IjEvulose) test for liver efficiency. A normal man is con- 
sidered to be able to transform 100 grams of fructose without any 
appearing in the urine. It is interesting to observe that considerable 
differences exist in the ease with which the different monosaccharides 
are absorbed, thus showing a selective action on the part of the intestine. 
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For example, glucose is more easily absorbed than lactose or xylose, 
although the latter has a smaller molecule. This is in direct conflict 
with physical laws and can only be explained as a result of ^^.tal 
action on the part of the cells. 

The low sugars are absorbed from any concentration with a 
velocity which represents the greatest possible permeabihty of the 
mucosal membrane for molecules of this size. For sugars which are - 
not selectively absorbed, such quantities could only diffuse from 
extremely liigh concentrations (Verzdr). 

According ,to- Yerzar this activity process is connected with a 
phosphorylation* of sugars, which occurs after their diffusion 
into the mucosal cells. Through the constant transformation of the 
diffused substances the diffusion gradient is kept high, and this 
synthesis finally acts by increasing the diffusion process, and hence 
the velocity of absorption. 

It has been found that this process of phosphorylation, and with 
it the selectivity of sugar absorption, can be inhibited by monoiodo- 
acetic acid and other ' substances (through influencing certain cell 
processes wliich finally lead to phosphorylation). The extirpation of 
the adrenals also inhibits the selective absorption of glucose 
' (Yerzar). 

If any disaccharide such as lactose i^ injected into the blood, it is 
excreted by the' kidney as a foreign substance. 

Absorption of Protein . — We have seen in relation to digestion 
that the proteins of the diet are hydrolysed to amino-acids by various 
enzymes. The steps may conveniently be summarised thus ; — 


(By the action of alkali 
and trypsin of the pan- 
creatic juice assisted 
by enterokinase.) 

(By the alkali and 
erepsin of the succus 
entericus. ) 


Protein 

Acid meta-protein. f 
f or Alkali meta-protein. 

Proteose. 

F 

Peptone. • ^ 

4 " 

Polypeptide. 

' -A 

Amino-acids. . 


(By the acid and pepsin 
of the gastric juice.) 


The final stage may actually take place within ■ the epithelial 
cells of the intestine itself. It is also interesting to observe that, 
although physiologically protein is fully digested before absorption, 
in certain circumstances it need not all be so hydrolysed before 
it is absorbed. Even in the absence of enzymes, the animal’s own 

* The term “phosphorylation” is given to the formation of phosphorus- 
containing compounds. (See Chemical Changes in Muscle.) 
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serum placed in the intestine is absorbed, and to a lesser extent 
foreign proteins may be absorbed. This fact is of considerable 
importance in practical medicine, since healthy normal persons 
who are hypersensitive to certain proteins (such as those of eggs, 
lobster, or strawberries) may react violently and develop an attack 
of asthma or a severe rash if they take quite minute quantities of 
the protein to which they are hjqpersensitive. This indicates that 
some absorption may take place before digestion is complete. How 
exactly this happens is unlmown. 

The normal course of events is that the main bulk of the food 
proteins are broken up into their constituent amino-acids, and it is 
in this form that they are absorbed. If an animal receives, instead 
of protein, the final cleavage products of pancreatic digestion, it 
continues to maintain its nitrogenous equilibrium; that is to say, 
the cells of the body are able to synthesise tissue-proteins from the 
fragments of- the food proteins. 

It is somewhat difficult to find the amino-acids in the blood 
during absorption, for several reasons:’ (1) the absorption during 
any given time is slow, and the products are diluted with the whole 
volume of the hlood ; (2) the presence of coagulable proteins in the 
blood in large quantity renders a search for the amino-acids difficult ; 
and (3) when the amino-acids get ' into the blood they ’ do not 
accumulate there, but are rapifiy removed by the cells of the 
tissues, especially of the liver and muscles. In spite of these 
difficulties, Leathes, Howell, and, later, Tolin and others succeeded 
in demonstrating that during absorption the non-protein (that is, the 
amino-acid) nitrogen of the blood increases and, if known amounts 
of protein is administered it is found that the amino-nitrogen corre- 
sponds to the amount absorbed (Kuthy). 

There is now definite evidence that the amino-acids are absorbed 
as such into the blood-stream, since they can be dialysed out of 
the blood by passing the blood through tubes composed of semi- 
permeable collodion membrane surrounded by saline solution. The 
diffusible substances, such as sugar and amino-acids, pass through 
the membrane into the saline and can be estimated. This may be 
shown by the Abel’s vivi-diffusion apparatus. This consists of 
several such tubes in paralleL inserted between the two cut ends 
of an artery (clotting being prevented by an anti-coagulant, such 
as leech extract). By this means it has been found that the 
amino-acids such as alanine and histidine may be recognised and it ^ 
has been demonstrated that the amino-acid content of the blood 
increases after a protein meal. It is of interest that many of the 
individual amino-acids are almost insoluble, but they increase the 
solubility of each other very markedly by the process of hydrotrophy 
(see below). Polypeptides are, however, also absorbed (Loudon). 
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Absorption of Pats.— If an animal is given a fatty meal, killed 
fa intestine stained with osmic acid, it is seen 

(fag. 160) that the columnar epithehal cells become first fiUed with 
fatty globules of varying size, which are generally larger near the 
free border. They are then 
transferred to the amoeboid 
cells of the lymphoid tissue 
beneath ; thes4 ultimately 
penetrate into the central 
lacteal, where they either 
disintegrate or discharge 
their cargo into the lymph 
stream. The globules are 
by this time divided into 
very minute ones, the 
particulate basis of chyle 
and under the microscope 
these chylomicrons can be 
counted (Frazer). 

The chylomicrons are 
about one-fortieth of the 
size of the globules of milk, 
and likewise cause the chyle 
to appear white, and are 
composed of neutral fat. 

They are at a maximum 

Fig. ICO. — Section of the villus of a rat killed during fat 
about two hours after a absorption, cp. Epithelium; sir, striated border; 

- c, lympli-cells ; o', lympli-cells in tlie epithelium ; 

niGaL I, central lacteal containing disintegrating lymph 

The great difficulty in (e. s. schafer.) 

fat absorption is to explain how the fat first gets into the columnar 
epithelium. 

A central observation has been the work of Munk and, later, 
of Moore and Eockwood, who showed that in the intestine fat may 
be broken down into glycerol and fatty acids, in which form or 
as soaps they may be absorbed; preliminary emulsification is 
advantageous for the formation of these substances, but is not 
essential. 

According to Mellanby the emulsified fat can pass freely into 
the columnar cells of the villi without previous hydrolysis, for it 
has been observed that neutral fat emulsified with biffi can be 
absorbed from the duodenum into the lacteals of animals in which 
both the pancreatic and bile ducts have been ligatured. Moreover, 
Frazer and Stewart have been able to stain neutral fats in the fat 
depots of the body after the administration of stained neutral fats 
but, not after fatty acid and glycerol, while the addition of lipase 
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to human diet reduces the amount of fat in the blood. The 
main function of the lipase is considered to be the production of 
a small amount of hydrolysis of the fat, so that a small amount 
of soap is formed. This soap still further facilitates emulsification, 
but it is doubtful if soaps play much part in absorption as 
such, since when the intestine is acid as is usual (except for a 
short length below the entrance of the pancreatic duct) they 
cannot • exist. 

It has now been shown that even paraffin may he absorbed if 
it is adequately emulsified and put into the duodenum (Mellanhy, 
Frazer), but this does not normally occur, as adequate emulsification 
does not take place. In this connection it should be noted that soap 
is about a twelve times better emulsifying agent than bile. 

According to Verzar the fatty acids combine with the paired 
bile acids to form compounds, which are not only water-soluble 
and diffusible, but also especially stable at the slightly acid 
reaction of the intestine. This process is known as hydrotropy 
(see below). This bile-fat complex is broken down again in the 
mucosal cell. The bile acids are adsorbed on to mucosal epithelium, 
so that they are able to dissolve a much greater quantity of fatty 
acids than in vitro. 

The fatty acid which is now in the cell combines with the 
glycerol, which is absorbed at the same time, to resynthesise 
neutral fat. This synthesis passes tliroiigh an intermediate stage 
of phosphatide formation. The glycerol is phosphorjdated and- 
combines with the fatty acids. Thus the diffusion gi’adient into 
the cells for the fatty acids is increased. The synthesis of neutral 
fat, via the formation of phosphatide, is therefore an accelerating 
factor in the absorption of fat, just as the phosphorylation of 
glucose accelerates the absorption of this sugar. Also this synthesis 
may produce the specific fats of the body and render the fatty 
acids non-toxic. 

In the mucosal epithelium the phosphatide is transformed -again 
into neutral fat and (for the most part) appears as such in the 
lymph. Significant but varying amounts escape this transformation, 
and appear in the lymph as phosphatide (lecithin), and so increase 
the lecithin content of the blood during fat absorption. There 
seems to be no difficulty in explaining how the fat leaves the 
blood-stream again, since the capillary walls have a permeability 
comparable with artificial membranes through which a great part 
of the serum-fat can diffuse out (Verzar). 

The intermediate synthesis of the fatty acids to phospholipoids 
can be inhibited by monoiodoacetic acid and by phloridzin, drugs 
which inhibit phosphorylation processes. Fat is then not absorbed, 
except for a slow diffusion of fatty acids thi’ough the intestine. 


/ 
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In tliG same way the extirpation of the adrenals inhibits neutral 
fat absorption, and the administration of adrenal cortex hormone 
(eucortone) restores the normal rate of absorption. This would 
appear to he due to the lack of alkali which occurs from the sodium 
loss through the kidneys. The absorption of fatty acid is not 
affected (Frazer). 

The different views of Mellanby and Yerzar are not mutually 
exclusive as at first sight appears. There seems to be little -doubt 
that the exact method of absorption of fat varies in _ different 
animals according to their habit of diet. It may be that the cells 
of the villi can exercise some selective action. 

It seems most likely that both bile and lipase play an important 
part in fat absorption in man, for excess of fat in the faeces is found 
both in pancreatic disease and in biliary obstruction. 

It has long been known that, if fat is given to an animal, only 
60 per cent, can be recovered from the thoracic duct into which 
all the lacteals pour their chyle. The work of Frazer and Stewart 
now indicates that such fat as is digested passes into the portal 
blood -stream and thus the remaining 40 per cent, is accounted 
for. They suggest this partition may determine the subsequent 
utilisation and deposition respectively of the fat. (See Frazer, 1940.) 

It has been suggested from observations on the tail of the 
tadpole that the leucocytes, which we know are very active during 
digestion, are concerned in fat transport since they have been seen 
loading and unloading. 

In the case of sterols there is also a selective absorption of 
cholesterol in comparison with other sterols. The process is also an 
esterification (Yerzar). 

Since alcohol is extremely soluble in lipoids as well as in water, 
there is every likelihood of its rapid absorption. Experience shows 
that a concentrated alcoholic solution is absorbed especially quickly 
from an otherwise empty stomach, and acts on the central nervous 
system in a few minutes, but food causes delay. 

The Nature of Absorption. 

The intestinal mucosa can be shown to act as' a semi-permeable 
membrane. • Thus, if water is placed in a loop of intestine tied off 
with its blood supply intact, the water is absorbed into the blood. 
If, however, a strong salt solution is placed in the loop, water is 
withdrawn from the blood into the loop. 

Osmosis and diffusion may then be held to explain the absorption 
of water and of solutions of a lower osmotic pressure than' the 
blood. It seems likely that diffusion, is responsible for the 
absorption of solutions of higher osmotic pressure, for we know that 
even I'S hTaOl is absorbed. In this the , enormous area of the 
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intestine assists and it is most probable that a further hastening 
of the process may occur as a result of a pumping action of the 
villi which may suck into themselves during their relaxation. The 
exact function of this pumping action of the villi is imknown, 
but the fact that' it takes place in that part of the intestine where 
absorption is greatest, that it occurs only during digestion, and that 
the movements are influenced like those of the gut generally suggest 
that they are intimately connected with absorption, which must 
certainly be hastened by such activity (Verzar). 

How far filtration other than that caused by the villi is concerned 
is difficult to decide, but there seems good reason to believe that 
the contractions of the large intestine bring about a high hydrostatic 
pressure. Ho such rise in pressure has been demonstrated in the 
small intestine. 

A number of physical processes influence absorption less directly. 
Amongst these is surface activity and emulsification or hydro- 
tropy by which insoluble substances such as fats become very 
finely subdivided and diffusible as a result of a greatly reduced 
surface tension from the action of bile salts. Electric phenomena, 
ionic distribution, acidity, and changes in the colloidal state of 
the cells of the mucosa and of the food also have a considerable 
influence. 

A number of the phenomena concerned in absorption can, 
however, only be explained as being due to the ■ vital activity of 
the cells themselves. Thus it is foimd that 04 per cent, sodium 
chloride is more rapidly absorbed than water, while isotonic solutions 
of sodium or magnesium sulphate are unabsorbed. There is also, 
as we have seen (p. 439), considerable selectivity in regard to 
the different carbohydrates, while most difficult to understand is 
the fact that if some of the animal’s own serum is placed on the 
gut it is absorbed. Such facts can only be explained as a ^dtal - 
action of cells of the mucous membrane, upon which must also 
depend nervous and drug action. The necessity in absorption 
for the presence of calcium as shown by Macgee, and of oxygen 
even for the absorption of saline (Brodie) is also suggestive of 
the importance of vital activity. This is still further supported 
by the influence of vitamin I) which is necessary for calcium 
absorption. It has been shown that if the mucosa is removed by 
fluoride, absorption ceases altogether, but since tliis does not always 
occur when the mucosa is otherwise removed the cessation may be 
attributed to damage to the surface of the gut. It can, however, 
be said that there are many points in relation to absorption in regard 
to which we have no knowledge. The great difficulty in the study 
of the problem is the maintenance of the intestinal wall under 
controlled conditions without interfering with its vitality. 
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Kt/drotroj)9j.— Although, substances may be insoluble in water 
they may be rendered soluble by the presence of another substance 
in solution. We have already remarked on the effect of the 
indi^ddual amino-acids on their solubility and of bile salts on 
fatty acids. Tliis so-called process of hydrotropy is well known 
in industrial chemical processes; for example, calcium carbonate 
is. soluble in a solution of sodium salicylate, and barium 
sulphate is soluble in sulphuric acid. Hydrotropy may also bo 
important in the absorption of calcium. It would seem that the 
presence of one substance in solution affects the molecular structure 
of water itself upon wliich solution depends. 

References.— Goldschmidt, 1921 ; Magee, 1930 ; Verzar and 
Macdougall, 1936. 

The Functions of the Large Intestine. 

These are mechanical, absorptive and excretory. 

The mechanical functions of the large intestine comprise the 
storage of feeces and their evacuation at due intervals. 

The large intestine absorbs chiefly water. On the average about 
500 c.c, of fluid contents pass the ileo-caecal ralre per diem; from 
this the nutritious substances have been for the most part absorbed 
by the small intestine. From this 500 c.c. the large intestine 
absorbs about 400 c.c. of water, leaving 100 c.c. in faeces; these 
figures are susceptible of considerable variation, notably in the 
pathological states of which diarrhcea is a symptom, but it is to 
be noted that the normal slow passage of the contents through 
the colon permits of considerable inspissation. If for any reason 
stagnation occurs, e.g. if the call to defaecation is neglected, the 
faeces become dry and hard. This is a common cause of chronic 
constipation. In addition to water the large intestine can absorb 
salts, glucose and perhaps amino-acids. Thus saline fluid is slowly 
absorbed, and rectal administration of saline is a valuable means 
of treatment of post-operative shock in which condition there is 
a reduction of 'circulating blood volume. Since, however, the 
mucous membrane of the large intestine produces no digestive 
enzymes, proteins introduced into the rectum are not absorbed, 
since they are not digested. “ Hutrient ” enemata, therefore, 
are of little value to the patient who cannot take food by the 
normal channel ; they serve merely to nourish the bacteria which 
abound in the colon. Even the absorption of glucose is so slow 
that it does not raise the blood sugar. 

Various drugs are absorbed when injected into the rectum in 
dilute solution ; a state of general anesthesia can be induced in this 
way. This is the usual way in which the basal anesthetic avertin 
tribromethyl alcohol) is administered. 
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The excretory activities of the large intestine cover a considerable 
range of substances, some physiological, the majority pharmacological. 
ITormallyiron, as sulphide, and calcium and magnesium as phosphates, 
leave the body by this route. The ratio of the amount of calcium 
and magnesium excreted by the bowel to that removed by the 
kidney depends on the quantity of acid radicals excreted by the 
latter. If acids are administered, more calcium and magnesium 
leave by the urine as soluble salts, whereas if there are fewer 
acid radicals in the food the amount of calcium and magnesium 
passing out as insoluble phosphates in the feeces is increased. 

In brief, the large intestine may be regarded as the principal 
channel for the excretion of insoluble substances which could not 
easily be passed out by the kidneys. 

In many herbivora, viz. those in which the stomach is not 
complex, e.g. the rabbit, bacterial activity occurring in the caecum is 
important in dissolving the cellulose of the walls of the vegetable 
cells which constitute their diet. Some of the products of the 
decomposition of cellulose and’ the liberated cell contents are then 
available for absorption. On the ^other hand, it has been possible 
to rear suitable animals on quite sterile food (after separation from 
the mother by Caesarean section), and the faeces of animals living 
in the Arctic regions is said to be free from bacteria. ' 

Normally the upper part of the intestine is sterilised by the 
action of the acid of the stomach. It is only when this acid is 
deficient, or the bacteria very excessive in the food or water, that 
the small intestine becomes infected. The fact that fluids leave 
the stomach rapidly accounts for the fact that milk and water are 
such admirable carriers of intestinal infection such as typhoid feyer. 

To what extent the bacterial content of the large intestine is 
of economic value in man is difficult to determine. Some 
clinicians hold that an excess of bacteria in the faeces is definitely 
harmful, and certainly we have good reason to believe that this is 
so, especially if they occur in the small intestine where absorption of 
their products may occur. At the same time the body is definitely 
.protected from the invasion of bacteria from the large intestine. 
Barclay-Smith has emphasised the importance of the Beyer’s patches 
in the lower end of the ileum in protecting against bacterial spread 
upwards from the large intestine. The solitary follicles, also com- 
posed of lymphoid tissue, appear to play a similar important part in 
the large intestine, as is seen by the fact that they take up patho- 
logical bacteria in disease, e.g, dysentery. 

The Oheraistry of Bacterial Action. 

If an artificial pancreatic digest is kept at ordinary room 
emperature the fluid very soon becomes putrid, unless special 
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prGcaHtions to exclude or kill bacteria are taken. It is often 
difficult to say where pancreatic action ends and bacterial action 
begins, as many of the bacteria that grow in the intestinal contents 
produce enzymes which act in the same way as the pancreatic 
juice. Some form sugar from starch, others peptones and amino- 
acids from proteins,^ while others, again, break up fats. There are, 
however, certain actions that are entirely due to these putrefactive 
organisms. 

i. On carbohydrates. The most frequent fermentation set up 
is the lactic acid fermentation : this may go further and result in 
the formation of carbonic acid, hydrogen, and butyric acid. Cellulose 
is broken up into . carbonic acid and methane. This is one of the 
chief causes of the gases in the intestine, the amount of which is 
increased by coarse vegetable food. The vegetable f ood-q)robably acts 
by reducing the acidity of the saliva and, because it is liable to 
be insufficiently broken down, the starch in it escapes digestion. 
It has been shown by Knott that the HCl of the stomach normally 
assists this breakdown and that its absence is liable to increase 
fermentation. Sometimes the volume of carbohydrate taken, e.g. 
potatoes,' is in excess of what can be digested by the various 
diastases. Flatulence in man is commonly caused by such fermenta- 
tion, but more commonly by air-swallowing with fluids, 

ii. On fats. In addition to acting like lipase, bacteria produce 
lower acids (valeric, butyric, etc.). The formation of acid products 
from fats and carbohydrates gives to the 'intestinal contents an 
acid reaction. Eesearch shows that the contents of the intestine 
become acid much higher up than was formerly supposed. These 
organic acids do not, however, hinder pancreatic digestion. 

iii. On proteins. Peptones, amino-acids, and 'ammonia are pro- 
duced; but the enzymes of these putrefactive organisms have a 
specially powerful action in liberating substances hamng an evil 
odour, such as skatole (CgHgK). Skatole originates from the" indole 
radical of tryptophan, one of the amino-acids of protein. 

iv. On amino-acids. The most frequent change consists in the 
splitting off of carbonic acid from their COOH group, and the pro- 
duction of amines, as shown in the following examples : — 

(CH3)2 . CH . CHg . CH . NHg . COO H = (CH3)2CH . CHg . CHg . NHg -f COg 

[Leucine.] [Iso-amylamine.] 

OH . CgH^ . CHg . CH . NHg . COOH = OH . CgH^ . CH^ . CHg . NHg -F CO,. 

[Tyrosine.] [Hydroxyphenyl-ethylamine.] 

Such basic products if absorbed and not excreted by the kidney 
may produce harmful effects. Both the above produce a high blood- 
pressure. Their amount may be lessened by diminishing the protein 
intake in the food. Another amine called histamine is similarly 
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produced by a loss of GO^ from the amino-acid histidine. This 
causes a dilatation of capillaries (q.v.) (Dale and Eichards) which is 
associated with compensatory arterial constriction (McDowall). 
Whether this constriction is in some way responsible for the high 
blood-pressure which is associated with excessive meat eating is a 
matter of debate, but it may readily be that the compensatory 
constriction leads to h}'pertrophy and eventually to permanently 
increased peripheral resistance. 

Ammonia-producing organisms flourish best in the lower regions 
of the small intestine; the ammonia neutralises the organic acids 
produced higher up. In the large intestine the contents may have 
an alkaline reaction. 

Sour milk has in past years been extolled not only as a useful 
food, but as a cure for many dyspeptic disorders. Although its 
eflBcacy in this direction has been much exaggerated, its usefulness 
in certain cases is explicable on the ground that the lactic acid 
bacillus, which is a harmless one in itself, possesses the power, 
when it is actively growing, of destrojdng other micro-organisms 
of a harmful kind. 

The fasces on an ordioary mixed diet contain comparatively 
little food residues, and a small quantity is excreted even during 
starvation. Voit and Hermann showed independently that an 
intestinal loop which had been emptied and separated from the 
rest of the bowel contained, a few days later, material identical with 
fasces, and consisting of intestinal juice, desquamated epithelial 
cells, and bacteria. The increase in the amount of faeces wliich 
occurs when food is taken, even when the food is free from cellulose, 
is due to the mechanical and chemical stimulation which leads to 
an increase in the succus entericus, and in the shedding of epithelial 
cells. Addition of protein to the diet makes practically no difference 
to the nitrogen in the fasces under normal conditions. 

The addition of cellulose to the diet iacreases the bulk of the 
faeces, partly because much of the cellulose is excreted unchanged, 
partly because it stimulates the mucous membrane to secrete more 
succus entericus, and finally because the larger food residue favours 
the development of bacteria. On an average, from one-fifth to 
one-third (varying with the diet) of the weight of dried faeces consists 
of bacteria. Strasburger estimated that about 128,000,000,000,000 
bacteria are evacuated in the faeces of a man every day. The vast 
majority of these are dead. 

When cellulose is absent from the diet, the -fmces contain from 
65 to 75 per cent, of water. 

The ash contains mainly calcium phosphate, with small amounts of iron and 
magnesium. The ethereal extract contains cholesterol, leciUiin, fatty acids, soaps, 
and a very small amount of neutral fat. The presence of e.xcess of neutral fat 
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indicates deficient pancrealie ^cretion, while excess split fat, i.e. fatty acids and 
soaps, IS found in jaundice. The proteins are chiefly mucin and nucleo-protein, 
and are denved not from the food but from the intestinal waU, or are contained 
in the bacteria ; no doubt a large part of the ethereal extract is also supplied 
by the bacteria, 


Cellulose is thus the only important constituent of the food 
which is unaffected by the digestive juices, although a variable 
amount, wMch is largest in herbivorous animals, undergoes bacterial 
decomposition. The presence of cellulose also interferes with the 
absorption of proteins, for the digestive juices have difficulty m 
penetrating the cellulose membranes of vegetable cells. Thus Yoit 
found that 42 per cent, of the nitrogen in the food was lost in the 
fieces of a vegetarian. This is due solely to the cellulose and not 
to any difference in the digestibility of animal and vegetable 
proteins, for if vegetable food is finely subdivided, and then 
thoroughly cooked and softened, this loss is lessened, and if 
vegetable protein is entirely freed from cellulose, it is as thoroughly 
absorbed as animal protein. 15 per cent, of the dry substance of 
green vegetables and brown bread, 20 per cent, of carrots and turnips, 
and a still larger proportion of beans are lost in the fsecal residue. 

The intestinal contents travel more rapidly when vegetables 
are present, for the indigestible cellulose stimulates peristalsis, and 
therefore a large quantity of water escapes absorption in the colon. 
Thus on an ordinary mixed diet 35 grams of dry substance and 
100 grams of water are daily excreted in the faeces, whereas on a 
vegetable diet the quantities are 75 and 260 grams respectively. 

The fat in the fasces is of some considerable importance as . 
an excess — provided, of course, that the consumption of fat has not 
been excessive — indicates a faulty digestion or absorption, of fats. 
This may result from lack of bile or pancreatic juice. It must be 
understood that a certain small amount is normal even on a fat-free 
diet or during starvation. When fat absorption is deficient there 
may be an excess of “split fat,” i.e. fatty acids in the faeces. 
Otherwise the fat of the faeces is chiefly neutral and is accompanied 
by sterols and phospholipides. 

The’ colour of the faeces is important clinically. They tend 
to be pale on a diet containing no red meat and when there is 
excessive fat. A dark colour is produced by meat and by an 
excessive amount of bile such as occurs after magnesium^ sulphate. 
Sulpliides are also dark. Black stools due to iron occur in liEemor- 
rhage especially from the upper part of the alimentary canal. Blood 
from the rectum or commonly from bleeding piles or a fissure at 
the anus is, however, bright red. 

The reaction of the faeces varies from pR 7 at the surface to as 
low as 4*8 at the centre of the mass. 


P 
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THE MECHANICAL PEOCESSES OF DIGESTION 

Under this head we shall study the ueuro-muscular mechanism of the 
alimentary canal, which has for its object tlie onward movement of 
the food, and its thorough admixture with the digestive juices. We 
shall therefore have to consider mastication, deglutition, the move- 
ments of the stomach and intestines, defecation, and vomiting. 


The Teeth. . 

During the course of his life, man, in common with most other 
mammals, is provided with two sets of teeth ; the first set, called the 
temporary or milk-teeth, makes its appearance in infancy, and is 
in the course of a few years shed and replaced by the second or 
permanent set. 

The deciduous or milk-teeth are ten in number in each jaw, 
namely, on either side from the middle line two incisors, one canine, 
and two deciduous molars, and are replaced by ten permanent teeth. 
The number of permanent teeth in each jaw is, however, increased to 
sixteen by the development of three molars on each side of the jaw, 
which are called the permanent or true molars. 


Structure of a Tooth. 

A tooth is generally described as possessing a crown, neck, and root. 

The crown is the portion wliich projects beyond the level of the 
gum The neck is that constricted portion just below the crown 
which is embraced by theifree edges of the gum ; and the root includes 
all below this. 

A tooth is found to be composed of a hard material, dentine or 
ivory, which is moulded around a central pulp cavity (fig. 161 ). 

The tooth-pulp is composed of loose connective tissue, blood-vessels, 
nerves, and large numbers of cells of varjdng shapes ; on the surface 
in close connection with the dentine is a specialised layer of cells 
called odontoblasts, wliich are elongated columnar cells each with 
a large nucleus at the tapering end farthest from the dentine. 

<50 
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The dentine resembles bone in chemical composition, but has only 10 per cent 
of water. It contems a vast number of minute tubes which connect S the 
pulp and which contain the exquisitely sensitive nerve fibrils from a laiS- of steUate 
nerve-cells beneath the odontoblasts (Mummery). ^ ^ stellate 

T'1i 6 blood-vessels ^and nerves enter the pulp through a small 
opening at the apical extremity of each root. The nerves terminate 
by brandling into fine fibrillse which enter the tubes of the 
dentine. 

A layer of very hard calcareous matter, the enamel, caps that 
part of the dentine wliich projects beyond the level of the gum. 



Fiq. ICl. — A, Longitudinal section of a human molar tooth ; o, cement ; d, dentine ; e, enamel ; 

V, pulp-cavity. (Owen.) 

B, -Transverse section. The letters indicate the same as in A. 


Sheathing the portion of dentine which is beneath the level of the 
gum is a layer of true bone, called the cement or crusta petrosa. 

Enamel is the hardest tissue in the body, and contains a minimum amount of 
organic material and less than 3 per cent, of water. It is made up of minute 
prisms of the same salts as those of bone, which are set on end and which fit on to 
the surface of the dentine. Some of the larger spaces between the prisms com- 
municate with the dental tubules and it has been suggested that fluids may pass 
between the prisms. 


Mastication. 

The act of mastication is performed by the biting and grinding 
movement of the lower range of teeth against the upper. The simul- 
taneous movements of the tongue and cheeks- assist partly by crushing 
the softer portions of the food against the hard palate and gums, and 
thus supplement the action of the teeth, and partly by returning the 
morsels of food to the teeth again and again, as they are squeezed 
out from between them, until they have been sufficiently chewed. - 

The act of mastication is much assisted by the saliva. 

Mastication is much more thoroughly performed by some animals 
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than by others. Thus, dogs hardly chew their food at all, but the 
oesophagus is protected from abrasion by a thicK coating of very 
viscid saliva which lubricates the pieces of rough food. 

In vegetable feeders, on the other hand, insahvation is a much 
more important process. This is especially so in the ruminants ; in 
these animals, the grass, etc., taken, is hurriedly swallowed, and passes 
into the first compartment of their four-chambered stomach. Later 
on, it is returned to the mouth in small instalments for thorough 
mastication and insalivation; this is the act of rumination, or 
“chewing the cud”; the food is then once more swallowed, and 
passes on to the digestive regions of the stomacL 

In man, mastication is also an important process, and in people 
who have lost their teeth severe dyspepsia is sometimes produced, 
which can be cured by the use of artificial teetL 

Deglutition. 

When properly masticated, the food is transmitted in successive 
portions to the stomach by the act of deglutition or swallowing. 
This, for the purpose of description, may be di\dded into three acts. 
In the first, particles of food collected as a bolus are made to glide 
between the surface of the tongue and the palatine arch, till they 
have passed the anterior arch of the fauces; in the second, the 
bolus is carried through the pharynx ; and in the third, it reaches 
the stomach through the oesophagus. These three acts follow each 
other rapidly. (1) The first act is voluntary, although it is usually 
performed imconsciously ; the morsel of food when sufficiently 
masticated is pressed between the tongue and palate, by the agency 
of the muscles of the former, in such a manner as to force it 
back to the entrance of the pharynx. (2) The second act is the most 
complicated, because the food must go past the posterior orifice of 
the nose and the upper opening of the larynx without entering them. 
When it has been brought, by the first act, between the anterior 
arches of the palate, it is moved onwards by the movement of the 
tongue backwards, and by the muscles of the anterior arches 
contracting on it and then behind it. The root of the tongue being 
retracted, the larynx is raised with the pharynx and carried forwards 
under the base of the tongue ; the closure of the glottis is secured by 
the contraction of its own muscles : so that there is little danger of 
food passing into the larynx so long as its muscles can act freely. 
At the same time, the raising of the soft palate, so that its posterior 
edge touches the back waU of the pharynx, and the approximation 
of the sides of the posterior palatine arch, which move quickly 
inwards like side curtains, close the passage into the upper part 
of the pharynx and the posterior nares, and form an inclined plane, 
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along the under surface of wliich the food descends; then the' 
pharynx, raised up to receive it, in its turn contracts, and by the 
successive action of its three constrictors, the food is forced 
onwards into the cesophagus. These reactions take place rejlexly 
■ from the stimulation by the food in the pharynx. This is shown 
by the fact that the reflex may be abolished by spraying the back 
of the throat with a local antesthetic. (3) In the third act, in 
which the food passes tlmough the oesophagus^ every part of that 
tube, as it receives the morsel and is dilated by it, is stimulated 
to contract : hence an undulatory or peristaltic contraction of the 
oesophagus occurs. If we suppose the bolus to be at one particular 
place in the tube, it acts stimulatingly on the circular muscle--, 
fibres behind it, and inhibitingly on those in front ; the contraction 
therefore squeezes it into the dilated portion of the tube in front, 
where the same process is repeated, and thus travels along the whole 
length of the tube. The second and third parts of the act of 
deglutition are involuntary. The action of these parts is more 
rapid than peristalsis usually is. This is due to the large amount 
of striated muscular tissue present. It serves the useful purpose 
of getting the bolus as quickly as possible past the opening of the 
respiratory tract. 

The swallowing of both solids and liquids is a muscular act, and 
can, therefore, take place in opposition to the force of gravity. 
Thus, horses and many other animals habitually drink against 
gravity, and the same feat can be performed by man.* 

In swallowing liqtdds in the ordinary way, however, the 
mechanism is a different one; the two mylo-hyoid. muscles 
form a diaphragm below the anterior part of the mouth. The 
stylo-glossi draw the tongue backwards and elevate its base; the 
two hyo-glossi act with these, pulling the tongue backwards 
and downwards. The. action of these muscles resembles that 
of a force-pump projecting the mass of fluid down into the 
cesophagus; it reaches the cardiac orifice with great speed, and the 
pharyngeal and oesophageal muscles do not contract on it at all, 
but are inhibited during the passage of the fiuid through them. 
(Kronecker.) 

This is proved in a striking way in cases of poisoning- by 
corrosive substances, such as oil of vitriol; the mouth and tongue 
are scarred and burnt, but the pharynx and cesophagus escape 
serious injury, so rapidly does the fluid pass along them ; the cardiac 
orifice of the stomach is the next place to show .the effects of the 
corrosive. Kronecker’s * view has also been confirmed in man by 
-the X-ray method. 

* The fluid is, however, liable to pass into the nose unless swaUoAving movenaents 
are continued after the mouth is empty. 
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Nervous Mechanism . — The nerves engaged in the reflex act of 
deglutition are : — 

Sensory: branches of the trigeminal nerve supplying the soft 
palate and tongue; gloss o-pharyngeal, supplying the tongue and 
pharynx ; the superior laryngeal branch of the vagus, supplying the • 
epiglottis and the glottis. The motor fibres concerned are : branches 
of the trigeminal, supplying part of the digastric and mylo-hyoid 
muscles, and the muscles of mastication; the bulbar part of the 
accessory through the pharyngeal plexus, supplying the levator 
palati, probably by rootlets which are glosso-pharyngeal in .origin; 
the glosso-pharyngeal and vagus, and possibly the bulbar part of 
the accessory, supplying the muscles of the pharynx through the 
pharjngeal plexus; the vagus, in virtue of its accessory roots, 
supplying the muscles of the larynx through the inferior laryngeal 
branch; and the hypo-glossal, the muscles of the tongue. The 
nerve-centres by which the muscles are harmonised in their action 
are situated in the medulla oblongata. 

Stimulation of the vagi gives rise to peristalsis of the oesophagus. 
The cell-stations of these fibres are in the ganglion trunci' vagi. 
Division of both vagus nerves produces paralysis of the oesophagus 
and stomacL 

In discussing peristalsis on a previous occasion, we have 
already stated that it is a rhythmic movement of smooth muscle 
rather than of nerve ; though normally it is controlled and influenced 
by nervous agency This nervous control is especially marked in the 
oesophagus, for £p that tube is divided across, leaving the nerve 
branches intact, a wave of contraction will travel from one end to the 
other across the cut. 

Peristalsis. — This is the movement by which the contents of many 
tubes throughout the body are moved on. It consists essentially of 
a progressive wave of contraction which is preceded by a wave of 
relaxation. This may readily be observed if the abdomen of an 
anassthetised animal is opened under warm saline. The movements 
continue if a piece of the gut is kept in a bath of oxygenated warm 
Einger’s solution. They are set going if a suitable object is placed 
in the lumen of the gut to stretch its ' wall. The nonnal stimulus 
to such movements, therefore, we may consider to be the material 
within the intestine. In the lower end of the gut the imcligested 
cellulose of the food must become the cliief stimulus ; hence . the 
importance of eating fruit and vegetables which add to the 
undigestible bulk of the food. We have already noted that the 
best stimulus to smooth muscle is stretching. As Starling showed, 
however, a mere pinch of the intestine wiU cause a typical peristaltic 
wave to pass downwards. The initial wave of relaxation may be 
shown by placing in the lumen a small balloon attached to a 
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tanibour. Nomially, tlie pGristaltic wavGS ai’G co-ordinatGd likG 
thosG WG liavG I’GfGrrGd to in the CBSopliagus. TIig co-ordination is 
considored to bo offoctod tliroiigb AuGrbach’s plGxiis of norvos, which 
lies between the two muscle coats. Yanasi foimd that the intestinal 
muscle of the embryo guinea-pig will contract when directly stimu- 
lated but will not do so spontaneously until the plexus of Auerbach 
has been developed. 

Peristalsis may be influenced chemically. Drugs given for the 
relief of diarrhoea or constipation act in various ways ; some affect the 
amount of secretion, and thus increase or decrease the fluidity of the 
intestinal contents ; others act on the muscular tissue or its nerves 
and so influence the amount of peristalsis. Organic acids, including 
the amino-acids, produced during digestion, will increase peristalsis. 
The bile has a similar action, but only on the large intestine ; various 
oils act in the same way; certain gases also, but here again the 
mechanical effect of distension is a factor to be reckoned with. 
A vegetable diet stimulates peristalsis, partly for mechanical 
reasons — the presenee of indigestible cellulose and formation 
of gas^partly for a chemical reason, namely, . the production of 
organic acids. 

The rhythmical power of the intestine is best developed in the 
upper part where the contractions are much more rapid than in 
the lower. In the lower parts, however, the contractions are greater. 
According to Alvarez these differences depend on differences in the 
metabolism of the muscle of the different parts. 

Movements of the Stomach. 

The gastric fluid is assisted in accomplishing its share in digestion 
by the movements of the stomach. The movements of the stomach 
have been studied by three main methods. We may study the 
behaviour of isolated strips or we may pass down the oesophagus 
balloons connected to tambours which register changes in pressure. 
By far the most important results have, however, resulted by the 
X-ray method introduced by Cannon. The individual or animal 
swallows food mixed with bismuth subnitrate or an insoluble barium 
salt which renders the gastric contents opaque to the fays. 

- It is now recognised that the shape of the stomach may vary 
appreciably in different individuals, and so also may -the movements. 
There are two extremes : (1) The J-shaped stomach which hangs 
down, so that when the subject is standing the lower curvature 
hangs down below the interiliac line, and (2) the so-called steer-horn 
stomach which is more horizontal and hangs higher in the abdomen. 
The J-shaped stomach is the more common. ' 

In practice it has not been easy to study the movements of the 
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stomach as X-rays can only be applied for very short periods because 
of the danger of burning the skin, ■ 

The method was originally applied to man by Hurst of Guy’s 
Hospital, who observed that the fimdus and body of the stomach are 
relatively inactive and adapt themselves to the size of the contents ; 
they display what may be described as postural tone. Small 
peristaltic waves are seen to commence high up in the body, and when 
they reach the incisura angularis they become more marked till in 
the pyloric region they are so active that the term pyloric mill has 
been applied to this region (the pyloric antrum). The waves are 
commonly at intervals of 20 seconds and are often in groups. By 
putting bismuth pellets into the stomach it has been observed that 



Fio. 162. — (a) View of the empty stomach in vortical position ; (t) stomach as seen soon after a 
bismuth meal; note the constriction due to peristaltic waves at the pyloric end; (c; view of Dlled 
stomach in vertical position. (After Hurst.) 


the waves as it were waft the food to the pylorus, i.e.^ the food does 
not travel so fast as the waves. 

It has been demonstrated experimentally by recording the^ 
movements of isolated strips of stomach wall in Einger’s solution 
that the property of rhythmic movement of the pyloric canal is 
a property of the stomach wall itself and not due to any 
central connection, and that similarly the property of tone is best 
developed in the fimdus. Fatty hypertonic meals delay emptying 
(MeSwiney and Spurrell). 

The emptying of the stomach is of increasing interest as pain 
in the region of the pylorus is an increasingly common complaint 
of civilised communities, and some think that failure of the pylorus 
to open, especially when the stomach is empty, to allow of the 
regurgitation of the neutralising juice of .the duodenum, is an 
important factor in the production of gastric ulcer. 

The pylorus opens when the antral peristaltic waves reach it, 
but it may remain closed if the food is not suitable, if too acid food 
reaches the duodenum, if the sympathetic is verj'’ active or the 
pylorus unduly irritable. Waves in the duodenum corresponding 
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to those in the antrum take on the food.*- The suggestion of 
Cannon, that the pylorus opens when the stomach contents are acid 
and the duodenal contents alkaline, no longer appears to refer to the 
normal exit of. food from the stomach, but to the reversed peristalsis 
which occurs when the stomach is empty. It is abimdantly proven 
that the gastric contents, e.g. a glass of milk, may leave the stomach 
normally even when alkaline. 

It should he noted that slow emptying of the stomach is probably 
advantageous so far as protein is concerned, as it facilitates digestion. 
A dog which gulps its meat digests it better than when it is given 
in a minced state. 

The Effects of Exercise and Mental Stress. — It is on historical 
record that Frederick II, who ruled the Holy Eoman Empire in the 
thirteenth century, caused two men to be given a good meal. One was 
allowed to rest and the other made to perform strenuous exercise. 
Subsequently he had them both disembowelled in his presence when 
it was found that in the man who had worked, the food had remained 
undigested in the stomach. 

Other physiologists later observed that if dogs were hunted 
immediately after being fed the food did not leave the stomach. 

Failure of the pylorus to open normally (called by Hurst 
achalasia) has been described as resulting from mental or physical 
stress, and in such circumstances the individual may experience 
pain (indigestion) as a result of the pyloric canal attempting to 
force food through the closed sphincter. The desirability of not 
taking a large meal before a strenuous game is then clear. It has 
also been shown that apparently trifling exercise or stress may 
delay gastric emptying, and that much beneflt accrues from relaxation 
in pleasant company. These points are of great importance in 
the treatment of indigestion. What has been said in relation to 
the conditions which facilitate gastric secretion applies, therefore, to 
gastric movement also (Pembrey). 

Physical movements, on the other hand, have been described as 
hastening the emptying. 

The mnervation of the stomach is discussed by McSwiney (1931). 

At the upper end of the stomach is usually seen an air-pocket, 
which may become increased in size and press on the heart. 

The tone of the stomach wall is also subject to considerable 
change. An instance is recorded that a student was informed that 
he had got into serious academic difficulty at a time^ when he 
chanced to be having an X-ray screen examination of his stomach 
made. At once his stomach was seen to sag until its lower border 
reached the pelvis. This emphasises the importance of making 
several X-ray examinations before a diagnosis of visceroptosis 
(dropped viscera) is made. 



458 THE MECHANICAL PEOCESSES OF DIGESTION [CH, XXXIII. 


Vomiting. 

The act of vomiting is preceded by a feeling of nansea, and the 
swallowing of a large quantity of saliva. The expulsion of the con- 
tents of the stomach, like that of mucus or other matter from the 
lungs in coughing, is preceded by an inspiration ; the glottis is then 
closed, and imme^ately afterwards the abdominal muscles strongly 
act; but here occurs the difference in the two actions. Instead 
of the vocal cords yielding to the action of the abdominal muscles, 
they remain tightly closed. Thus the diaphragm, being imable to 
go up, forms an unyielding surface against which the stomach can 
be pressed. At the same time the cardiac sphincter being relaxed, 
and the orifice which it naturally guards being dilated, while the 
pylor%is is closed, and the stomach itself also contracting, the action 
of the abdominal muscles expels the contents of the organ through 
the oesophagus, pharynx, and mouth. 

It has been frequently stated that the stomach itself is quite 
passive during vomiting, and that the expulsion of its contents is 
effected solely by the pressure exerted upon it when the capacity of 
the abdomen is diminished by the contraction of the diapliragm, and 
subsequently of the abdominal muscles. The experiments and 
observations, however, which are supposed to confirm this state- 
ment, only show that the contraction of the abdominal muscles alone 
is sufficient to expel matters from an unresisting bag through 
the oesophagus ; and that, imder certain conditions, the stomach by 
itself cannot expel its contents. They by no means show that in 
ordinary vomiting the stomach is passive, and there are good reasons 
for believing the contrary. In some cases of violent vomiting the 
contents of the duodenum are passed by anti-peristalsis into the 
stomach, and are then vomited. Where there is obstruction to the 
intestine, as in strangulated hernia, the total contents of the intestine 
above the obstruction may be vomited. 

Nervous Mechanism . — Some few persons possess the power of 
vomiting at wiU, or the power may be acquired by effort and practice. 
But normally the action is a reflex one. 

The afferent nerves are principally the trigeminal, and glosso- 
pharyngeal (as in vomiting produced by tickling the fauces), and 
the vagus (as in vomiting produced by gastric irritants); but 
vomiting may occur from stimulation of other sensory nerves, e.g., 
those from the kidney, uterus, testicle, etc. The medullary centres 
may also be stimulated by impressions from the cerebrum and 
cerebellum, producing the so-called central vomiting which occurs 
in diseases of those parts. 

The efferent (motor) impulses are carried by the vagi to the 
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stomach, % the plu’enics to the diaphragm, and by various other 
spinal nerves to the abdominal muscles. 

Minetics. Most emetics produce vomiting by irritating the 
stomach , some, such as apomorphine, by stunulating the medullary 
centres. 

It was recorded by Dixon that a dog into which he had previously 
injected apomorphine eventually vomited when it saw the syringe, 
thus indicating the establishment of a conditioned reflex. ° ' 

The mechanism of vomiting is discussed by Hatcher (1924). 

Movements of the Small Intestine. 

The intestinal movements may be studied in several • ways. 
Observations may be made on the exposed intestines when the 
abdomen is opened. They may be studied under more artificial - 
conditions, by taking a length of intestine from a freslily killed 
animal and placing it in a warm bath of oxygenated Tyrode’s 
solution. This method is most useful for the study of the action of 
various drugs. The apparatus by which the movements may be 
recorded is described on p. 468 below, where the constitution of 
Tyrode’s solution is also given. In man, the most valuable method 
is to study the movements by X-ray already referred to in regard 
to the stomach. 

The object of these movements is to force the contents along the 
tube, and thoroughly to mix them with the digestive juices. 

The most important movement is peristalsis, such as has been 
already described in relation to the oesophagus (p. 454). It is 
doubtful if intestinal peristalsis is ever so intense as that in the 
oesophagus, which is more under the control of the central nervous 
system. According to Alvarez the preceding wave of relaxation 
is absent and the movements consist of rapid rushes. Its rate, 
however, is generally slower, but varies very much — from 1 cm. per 
minute to 25 cm. per second. The length of the wave also varies. 
It may only travel a short distance or may sweep throughout the 
whole length of the intestine. , The more rapid waves are known 
as the peristaltic rush and may be initiated by taking food into 
the stomach and especially hot fluid. 

Cannon also observed, by the X-ray method in dogs and cats, 
segmental movements. They are very regular and constant. 
A dark shadow, due to the bismuth in the food administered, is at 
one moment of a certain length like a short sausage; it^ then 
constricts in the centre, -and divides into two; each half divides 
again ; then the two central segments join together, and this 
repeats itself every few seconds. In man, Hurst timed the rate, 
and found it occurred about ten times in a minute and a half. This 
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frequent division and subdivision not only ensures admixture with the 
juices, but brings every portion in turn in contact with the absorbiog 
mucous membrane, and favours the flow of chyle and blood. 

After a bismuth meal, the shadow appears in the caecum three 
and a half to five hours after the food is taken. The average time is 
four and a half hours. The movements are greatest at the upper 
end of the alimentary canal where, according to Alvarez, metahohsm 
is most active. In this region the digestive processes are most 
active and most juices are added to the food. 

The pendulum movements consist of shght waves of contraction 
affecting both muscular coats, and these are rapidly propagated 
at the rate of 2 to 5 cms. per second. They cause a movement 
of the intestine from side to side, and occur at regular intervals 
of five or six seconds. They are not efficacious in moving the 
contents onwards, hut they bring about a very thorough mixing 
of the contents. 

The pendulum movements differ from true peristalsis in being 
myogenic; that is, they are due to the • rhythmicality of the muscle- 
fibres themselves, and are propagated from one muscle-fibre to 
another. They are not abolished by cocaine or nicotine (Starling). 

In addition to the movements of the intestine as a whole the 
villi exercise a pumping action. The villi contract if any mechanical 
stimulus is applied at their base, but it is suggested that their normal 
stimulus is a hormone called villikinin which can be extracted from 
them and is thought to be liberated into the blood after the manner 
of secretin, for the placing of hydrochloric acid in the duodenum 
of one dog, whose hlood is made to supply the intestine of another, 
is stated to produce movements of the viUi in the latter. The 
muscularis mucosm relaxes during active digestion. The muscularis 
mucosEe is caused to contract hy adrenaline, but the exact value of the 
contraction of this muscle is not known. 

Intestinal Gradient. — The evidence, especially that of Alvarez, 
is that there is a gradient of activity throughout the intestine. 
The upper end has a greater tone, irritability and rate of rhythmical 
contraction than the lower partq. Thus in studying intestinal 
movement pieces of the duodenum are taken for preference. 

G-radient prohahly explains why it is impossible for an animal to 
survive, if a portion of intestine has its direction reversed, for the 
food will only pass in the one direction, i.e. from a region of high 
activity to one of a lower. 

Movements of the Laege Intestine. . . 

We have seen that in man the food begins to arrive in the 
cseeum four and a half hours after it reaches the stomach ; when it 
arrives in the caecum it contains 90 per cent, of water, -together with 
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a small amount of the unabsorbed products of digestion of proteins, 
fats, and carbohydrates. During its passage along the large intestine 
these are absorbed, and most absorption appears to occur in the 
C 80 cum j the normal firm consistency of the fseces, which contain 
75 per cent, of water, is not finally attained until they arrive in the 
pelvic colon, where they are retained until defeecation takes place. 

Peristalsis in the colon occurs much more slowly than in the 
small intestine, and, the accompanying diagram gives the time in 



Fio. 163. — Semi-diagrammatic view of the large intestine; the figures give in hours the average times 
after taking a meal that its debris reaches the various parts. (Hurst.) This diagram shows the 
transverse colon in a higher position than it occupies when the man is erect, and rather higher 
than the average even in the horizontal position. 


hours after the taking of a bismuth meal that the shadow appears at 
various points in man. It will be noted that the movement of the 
contents of the large intestine is slow compared with that of the 
small intestine ; indeed, the rate may be less than a foot per hour. 
These observations were made in the daytime ; during sleep the rate 
of progress may be slower. Commonly, a mass peristalsis occurs. It 
begins at the hepatic flexure and carries all before it. It may be 
initiated by taking food into the stomach or by emotional influences. 
Similar influences affect the contractions of the lower end of the 
ileum and normally bring about relaxation of the ileo-csecal sphincter, 
i.e. the gastro-ileal reflex. The caecum itself is remarkably inert. ^ In 
the herbivora it is an important seat of the bacterial decomposition 
of cellulose. 

Eegurgitation into the small intestine is effectually prevented, 
partly by the ileo-csecal valve, and, mainly by a strong band of circular 
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muscle-fibres called the ileo-esecal spbincter;' this is normally kept 
in a state of tonic contraction by impulses carried- by the splanchnic 
nerve; it is relaxed when this nerve is cut, and then the contents 
of the two intestines mix freely (T. E. Elliott). 

Defsecation. 

The rectum is a short tube about 4 or 5 inches long in man, 
and is normally empty until immediately before defsecation. In 
a person of regular habits, a glass of water on rising, and the 
taking of breakfast, if attended by mental quiet, combine to produce 
peristalsis of the colon, so that a small quantity of fmces enters the 
rectum, and produces the desire to defsecate. This is known as 
the gastro-colic reflex. At the end of the rectum is the anal canal, 
closed by a strong internal sphincter (a thickening of the involuntary 
circular fibres of the muscirlar coat), and by the external sphincter, 
which is a voluntary muscle made of transversely striated fibres. 

The “ call to defaecation ” having been thus produced, the act itself 
is started by the increase in intra-abdominal pressure brought about 
by the voluntary contraction of the abdominal wall, the diaphragm 
and relaxation of the levator ani. The diaphragm is kept down by 
deep inspirations, followed by closure of the glottis ; this depresses the 
colon, so that the shadow of its transverse portion and the flexures 
may be lowered as much as 2 inches. The transverse colon may 
not rise to its normal position until even an hour has elapsed 
from the act of straining during defsecation. Accompanying the 
action of these voluntary muscles, the whole colon from the ciecum 
onwards enters into powerful peristalsis ; the contents of the 
transverse colon are thus forced into the descending colon, from 
which they are evacuated together with the fceces already present 
between the splenic flexure and the anus. The entrance of more 
faeces into the rectum until they reach the anal canal irritates afferent 
nerves in the wall of the rectum ; the nerve impulses so generated 
pass to a centre or centres in the lumbo-sacral region of the spinal 
cord, where efferent impulses are set in action upon which depend 
the reflex acts required to complete the process ; these are : — 

1. Strong peristalsis of the whole colon. 

2. Continued contraction of the abdominal muscles. 

3. Eelaxation of both the anal spliincters and of the levator ani. 

The last traces of faeces are expelled by voluntary contractions of 
the levator ani. 

If the call to defsecation is resisted, the' desire soon passes away, 
and may not recur until the next regular period arrives for the 
opening of the bowels, twenty-four hours later. It seems likely 
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fchat a reverse peristalsis may occur in the lower colon when hard 
masses of faeces are present. This is suggested by the fact that a 
foreign body (an egg-cup inserted to arrest bleeding from piles) has 
been known to travel up to the splenic flexure whence it was removed 
surgically. 

The terminal portion of the large intestine like the rest of 
the gut has an intrinsic nervous plexus and shows peristaltic 
movement. When the rectum contracts the internal anal sphincter 
relaxes (E. C. G-arrey). Tliis reciprocal movement as in other parts 
of the intestine can occur after severance of all connections between 
the colon and the sacral region of 'the spinal cord. ISTormally this 
expulsive movement of the colon is augmented by a spinal reflex of 
which the afferent and efferent paths are in the sacral nerves (Garrey). 
In addition the colon and rectum are inhibited by the sympathetic 
which inhibits the gut generally and causes contraction of the 
internal anal sphincter. Excessive sympathetic action (or deficient 
parasympathetic action) may lead to a severe form of constipation 
which can be relieved by section of the sympathetic nerves. 

The voluntary muscles concerned in ' def eecation, namely, the 
external anal spMncter and the levator ani, are supplied by the. 
fourth sacral nerve, which arises from nerve-cells in the conus 
medullaris of the spinal cord. If the lower part of the spinal cord is 
destroyed, defsecation still occurs but it is an unconscious act, and 
the reflex is imperfectly executed, since, as we shall see, the 
parasympathetic control is interfered with, the destruction ,of 
the conus medullaris prevents the normal reflexes taking place in 
which the levator ani and external sphincter are concerned, and 
the paralysis of these voluntary muscles may lead to incontinence 
of faeces. 

We thus see that the lowermost portion of the alimentary canal 
resembles its uppermost portion (pharynx and oesophagus) in. being 
more under voluntary nervous control than is the small intestine. 
Autonomy at the rectal and anal portion is for obvious reasons 
undesirable. 

Constipation. — Great discussion has taken place regarding the 
normal frequency of defsecation. Some insist, and they are supported 
extensively by the many vendors of purgatives, that the bowels 
should empty daily, but there are many apparently normal persons 
in whom this only takes place once or twice a week, and instances 
of much longer intervals have been recorded (see Hurst). .In this 
connection it should be recalled that food residues form but a very 
small proportion of what is excreted. There is, however, no doubt 
that the activity of the large intestine is stimulated by the taking 
of bulky indigestible substances such as the cellulose of fruit and 
vegetables, but the husk of cereals (bran) is much more effective. 
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possibly because usually more cellulose is actually taken and there 
is more stimulation of the mucous cells. It is claimed that the 
vitamin B of the bran has a beneficial effect in toning up, the bowel. 
In many instances of constipation the colon is in a state of 
excessive tone sometimes from too frequent indulgence in purgatives. 
The latter should only be taken as temporary alleviants for 
eventually they only aggravate the condition. 

Heglect is one of the commonest causes of constipation, for the 
retained faeces continue to lose water, and get harder, and more 
difficult to expel. Constipation is a possible cause of many — 
according to some, the majority — of human ailments, because of 
the absorption of toxic products of putrefaction. There is, however, 
evidence that mere distension of the rectum and colon may bring 
about some of the symptoms commonly attributed to constipation 
(Alvarez). 

Refeuences. — Garry, R. C., 1934 ; Hurst, 1923. 


The Nervous Control of the Alimentary Canal. 

We have already seen in relation to peristalsis that such 
movement is largely independent of external nerves. The activity 
of the alimentary canal is brought into relation with the general 
requirements of the body by means of two sets of nerves: the 
s}Tnpathetic and the parasympathetic (vagus and ner^d erigentes). 

The Sympathetic supply leaves the spinal cord by the anterior 
roots of the spinal nerves. Those for the stomach leave by the 
fifth to the eighth thoracic roots and have their cell stations in the 
ccehac ganglia, which they reach by the splanchnic nerves; those 
for the small intestine by the sixth thoracic to first lumbar roots, 
but do not synapse imtil they reach — by way also of the splanclmic 
nerves — the superior mesenteric ganglion ; those for the large 
intestine by the lower thoracic roots pass down the sjunpathetic 
chain to the lesser splanchnic nerves and eventually synapse in the 
inferior mesenteric ganglion, thence they pass by the colonic nerves 
to the colon, and by the hypogastric nerves to the rectum and anal 
sphincter. The eventual distribution of the nerves is vdth the larger 
arteries. 

The Parasympathetic. — The upper part of the alimentary canal 
is supplied by the vagi nerves, as far as the middle of the transverse 
colon, and the large intestine downwards by the ner'V’i erigentes or 
pehdc nerves, which arise from the second, thii'd, and fourtli sacml 
nerves. These are all pre-ganglionic fibres wliich synapse in ganglia 
in the intestinal wall, as may be shown by the action of nicotine, 
which, if painted .on the intestuie, paralyses vagal but not spnpathetic 
action. 
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Local Distribution of Nerves (fig. 164). — In the intestinal "wall 
there are two large interconnected nerve plexuses, one submucous, 
Meissner s (PLs.m.), and one between the two muscle lajQXB, Auerbach’s 
(Pl.m.) The exact relationship of these plexuses has recently been 



reinvestigated by C. J. Hill, who has concluded that they are 
essentially parasympathetic, being concerned in the ultimate distri- 
bution of the vagus fibres which we have noted synapse in the 
gangha of the plexuses. Prom the ganglia, post-ganglionic fibres 
pass to the muscle layers and to a dense siibepithelial plexus vflAch. 
supphes the villi and glands. The vagal fibres have little or no 
connection with blood-vessels. It is to be understood that the 
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so-callcd. plexuses ure composed essentially of neurones and are not 
a nerve network 

In addition to these parasympathetic plexuses Miss Hill has 
shown the presence of sympathetic plexuses, one intramuscular, from 
•which the muscle cells are supplied, and one suhserous, which 
supplies the serous coat and is probably sensory in function. Minor 
differences occur in different regions of the gut. Unlike the para- 
sympathetic, the sympathetic fibres are closely bound up with the 
vessels of the part. 




Fig. 165. — The effect of drags on the isolated intestine in TjTode’s solution by the method shown in 
fig. 166. In the upper record the inhibiting effect of sdronaiine is shown, in the lower the 
stimulating effect, from A, of choline (like pilocarpine or cserino) which is abolished by atropine, 
from B. The drugs are-dropped into the saline bath and mixed by the oxygen bubbles. Similar 
records can be obtained by placing a balloon inside the lumen of the intestine and attaching it to 
a tambour. 


Th?, Function of the Sympathetic is generally inhibitory to the 
movements of the alimentary canal, with the exception of the 
sphincters and the muscularis mucoste, which are constricted. The 
latter are also constricted hy adrenaline, the great sjunpathetic 
stimulant. Stimulation of the sympathetic or adrenaline causes 
inhibition of a piece of isolated intestine contracting rhythmically; 
indeed use is made of this in the biological assay of adrenaline. 
(See fig. 165.) Excitation of the sympathetic also causes constriction 
of the blood-vessels of the gut. 

It may be assumed that the effect of pain, anger, and severe 
muscular activity in bringing about inhibition of the gut is exerted 
through the sympathetic, like the cardiac acceleration caused by 
similar states. 
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Function of the PccTCtsynipccthetic. — Tiiis appoars to be augmentor 
and, as we have seen in relation to gastric juice, secretory. The 
actual effect, for example, of stimulation of the vagus on the stomach 
has been shown by McCrea to depend on the state of the organ at 
the time. If it is full, the stomach is contracted, but if empty, 
it is relaxed. If the intestine is contracting, stimulation of the 
vagus brings about a brief inhibition, and subsequently marked 
augmentation, wliich is caused also by the action of acetyl-chohne 
and pilocarpine, the 'great parasympathetic stimulants, on isolated 
intestine. (See fig. 165.) 

The action of the parasympathetic normally is most marked during 
rest, especially that following active muscular exercise, which also 
facilitates the action of the colon by toning up the abdominal muscles. 

Occasionally, especially after the prolonged use of strong 
purgatives, the large intestine, especially the descending colon, 
becomes the seat of acute and very painful spasm. This appears 
to be partly vagal in origin for it is relieved by a -large dose of 
atropine. 

The reverse sometimes occurs and the colon dilates to a large 
size and retains enormous quantities of faeces. The condition is 
relieved by section of the sympathetic supply (Learmonth). 

The movements of the intestine appear to be both increased 
and decreased by emotional states. It would seem that fear, anger, 
and exercise diminish intestinal activity at first, but that exercise 
is followed by increased intestinal activity as it is followed by 
increased vagal restraint of the heart. An ■ emotion due to a 
circumstance over which the individual is powerless may, have the 
effect of producing a mass peristalsis and evacuation of the bowels 
as if the sympathetic was temporarily thrown out of action.* 

The secretion of mucus is also markedly affected by nervous 
stimulation. The secretion of the colon is increased by stimulation 
of the pelvic nerves especially after eserine and reduced by atropine, 
but the atropinised colon can absorb fluid completely. Narcotics 
greatly reduce the rate of secretion of mucus but the effect is 
combated by eserine. The narcotics therefore probably act on the 
enteric plexuses (Wright, Florey and Jennings). 

The movements of the villi appear to be under the same control 
as the rest of the activity of the intestine for they are_ stopped by 
any procedure which stimulates the sympathetic while they are 
increased by eserine. The action appears to be under the control 
of Meissner’s plexus (Verzdr). 

The Study of the Isolated Intestine, etc. — The method of 
studying the isolated intestine is of special importance, not only 
because by its use it ds possible to investigate the action of drugs 
* This reaction has been commonly observed during air-raids. 
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on the movements of the intestine itself, hut also because the same 
method is adopted in studying the activity of other structures 
removed from the body, such as the uterus or strips of blood-vessels. 
It is by the use of the same apparatus that the biological standard- 
isation of substances, like pituitary extract which acts on the uterus, 
is carried out. 

The organ is placed in a bath of warm oxygenated solution of 



Fig. 166. — The Intestinal and Uterus Bath (after Bum). — One end of the Organ M to be studied is tied 
to the bent glass tube through ■which oxygen is supplied from O. It is lowered into the inner bath 
of special solution. The other end is tied at Ii to a lever which has its fulcrum at F and a frontal 
glass writing lever (Bayliss). The outside water-bath is kept at body temperature by the lamp. 
When it is desired to change the fluid surrounding the organ, the bath is emptied by opening 
clip A and to refill the bath from the warm reserve R, by closing clip A and opening clip B. 
T, thermometer. 


salts, which prevents its normal salts from being removed, and its 
movements are recorded as indicated by the accompanying figure. 

The fluids used are modifications of Einger’s solution which was 
introduced for the rabbit heart; for the intestine that of Tyrode 
which contains phosphate and magnesium; for the uterus, bronchi 
or cat’s heart solutions like that of Yan Dyke and Hastings, which 
has less calcium than Einger’s solution, are most suitable. 
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Tlie detailed composition in percentages is given below but need 
not be memorised. 



Einger-Locke. 

Tyrode. 

Van Dyke and 
Hastings. 

NaCl .... 

0-9 

0-8 

0 659 

KCl .... 

0-042 

0-02 

0-046 

CaCL .... 

0-024 

0-02 

0-005 

NaH“CO., 

0-015 

0-1 

0-252 

Glucose . . 

0-15 

0-1 


MffCL 


0-01 

0-b09 

NaHoPO, . 

• •• 

0-005 

0-01 

NaollPO^ . 

... 

... 

0-008 

1 , 


Plants may be grown in sand kept moist by similar solutions, 
with, of course, the addition of other nutrients, e.g. nitrates and 
sulphates from which they form their substance ; indeed, such 
solutions were used for this purpose many years before they were 
adopted for animal tissues. 

Refehences. — Alvarez, Barclay, Todd. 
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INTERMEDIATE METABOLISM 

The word ’iTietabolism has been often employed in the preceding 
chapters, and, as there explained, it is used to express the sum total 
of the chemical exchanges that occur in living tissues. 

The living body is always giving off by the lungs, Mdneys, and 
skin the products of its combustion, and is thus always tending to 
lose weight. This loss is compensated for by the intake of food and 
of oxygen. For the material it loses, it receives in exchange fresh 
substances. If, as in a normal adult, the income is exactly equal to 
the expenditure, the body-weight remains constant. If, as in a 
grovsdng child, the income exceeds the expenditure, the body gains 
weight; and if, as in febrile conditions, or during starvation, the ■ 
expenditure exceeds the income, the body wastes. 

The different parts of the body have very different compositions; 
still, speaking of the body as a whole, VoUanann and Bischoff state' 
that it contains 64 per cent, of water, 16 nf proteins, 14 of fat, 5 of 
salt, and 1 of carbohydrates. The carbohydrates are thus the smallest 
constituent of the body; they are the glycogen of the liver and 
muscles, and small quantities of glucose in various parts. 

The most important, because the most abundant of the tissues 
of 'the body, is the muscular tissue. Muscle forms about 42 per 
cent, of the body- weight,* and contains, in roimd numbers, 75 
per cent, of water and 21 per cent, of proteins; thus about half 
the protein material and water of the body exists in its muscles. 

The body, however, does not remain in a stable condition ; even 
while nutrition' is occurring, destructive changes are taking place 
simultaneously; each cell may he considered to he in a state of 
unstable equilibrium, undergoing anabolic, or constructive, processes 
on the one hand, and destructive, or hatabolic, processes on the 
other. ■ 

The two sides of metabolism may be compared by means of a 

* The following is. in roimd numbers the percentage proportion of the different 
structural elements of the body: skeleton, 16; muscles, 42; fat, 18; viscera, 9;' 
skin, 8 ; brain, 2 ; blood, 5. 
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balance-sheet, and the'- necessary data for the construction of such a 
comparison are ; — 

(1) The weight of the animal before, during, and after the 

experiment. ® 

(2) The quantity and composition of its food. 

(3) The amount of oxygen absorbed during respiration. 

(4) The quantity and composition of urine, fsces, sweat and 

expired air. ’ 

(5) The amount of work done, and the amount of heat developed 

W %Ur is determined by subtracting the amount of water ingested 

as food from the quantity lost by bowels, urine, lungs, and skin. 
The difference is a measure of the oxidation of hydrogen. 

_ Pro^cms.— The nitrogen is derived from proteins, and appears 
chiefly in the urine. Smaller quantities are eliminated in the sweat and 
faeces. From the amount of nitrogen so found,' the amount of proteins 
which have undergone katabohsm is calculated. Proteins contain, 
roughly, 16 per cent, of nitrogen ; so 1 part of nitrogen is equivalent to 
6-25 parts of protein ; or 1 gram of nitrogen to 30 grams of flesh. 

Fat and Oarlohydrate. — By subtracting the carbon in the katabo- 
lised protein (protein contains 54 per cent, of carbon) from the total 
carbon eliminated by lungs, skin, bowels, and kidneys, we get 
the amount representing fat and carbohydrate/ which have under- 
gone katabolism. 

Balance of Income and Expenditure in Health. 

Tables have already been given of adequate diets ; these will in 
our balance-sheet represent the sources of income; the other side 
of the balance-sheet, the expenditure, consists of the excretions. 

We may select as our example a typical table of this daily 
exchange of material on an ordinary diet from the work of Petten- 
kofer and Voit. In the first experiment the man did no work. 


Income. ^ 

1 Expenditure. 

Pood. 

Nitrogen, 
in gms. 


Excretions. 

Nitrogen, 
in gms. 

Carbon, 
in gms. 


Protein 137 gms. 
Fat . 117 „ 
Carbohy- 
drate 352 „ 
Water . 2016 „ 

ll9-5 

i 

315-5 

Urine . 
Fseces . 
Expired 
air 

17-4 

2-1 

12-7 

14-5 

248-6 

1279 

83 

828 

- 19-5 

275-8 

- 

2190 


Here the body was in nitrogenous eguilihrium, and it eliminated 
more water than it took in by 174 grams, this being derived from 
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oxidation of hydrogen. It stored 39-7 grams of carbon, which is 
equivalent to 52 grams of fat. 

The next table gives the results of an experiment on the same man 
on the same diet, but who did active muscular work during the day : — 


Expenditure. 




Nitrogen. 

Carbon. 

Water. 

Urine . 


, 

, 

17'4 . 

12-6 

1194 

Faeces . 




2-1 

14-5 

94 

Expired air . 


• 

• 

. 

309-2 

1412 





19-5 

336-3 

2700 


It is important to notice that the discharge of nitrogen was 
unaltered, while that of both carbon and hydrogen was increased. 
At one time protein was considered to he the great 'source of 
muscular energy ; this was first disproved by an historical experiment 
made by Tick and Wislicenus on themselves in their ascent of the 
Faulhorn. The body is most economical in reference to protein waste, 
and any increase in nitrogenous katabohsm which occurs during 
muscular work is small. 

Some observers have found larger changes, notably Cathcart. 
We may now proceed to study the details and end-results and 
we may most conveniently consider the question under the three 
headings of the principal food materials, namely, carbohydrates, fats, 
and proteins. 


Metabolism of Cabbohydkates. 

In plants, carbohydrates are synthesised by the agency of chloro- 
phyll from the simple materials carbonic acid and water, which they 
take in as foods. The first substance formed is probably formic alde- 
hyde, H . CHO (which is the simplest carbohydrate known), and 
this by condensation is converted into sugar, and finally, into 
starch. We have no clear evidence that a synthesis of this kind 
ever takes place in animals, the main source of animal carbohydrate 
being vegetable carbohydrate. 

We have seen that the more complex carbohydrates are broken 
down to monosaccharides in digestion. By salivary digestion and 
the amylase of the pancreatic juice, starch is hydrolysed to maltose, 
which is further converted into glucose by the maltase of intestinal 
juice. Cane-sugar is inverted by invertase to glucose and fructose 
while lactose is broken down into glucose and galactose by lactase. 

These monosaccharides are absorbed into the blood-stream, 
but . they are rapidly, for the most part, converted into glucose, 
probably by the liver. In excess they are rapidly excreted by the 
kidney as abnormal substances. We may then consider glucose as 
the current carbohydrate coin of the body. 
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The Utilisation of Sugar. — ^The sugar may he utilised in three - 
ways ; it may be stored as glycogen, in which form it is readily 
available for reconversion into glucose; or as fat, which is a more 
concentrated form of storage; or it may be used as fuel that is 
oxidised in the organs of the body, especially the muscles, whose 
requirements are most variable. It appears, however, that glucose 
cannot be utilised adequately for any of these purposes without 
the co-operation of the internal secretion produced by the pancreas 
and known as insulin, the action of which will be dealt with 
further below. (Summary in fig. 168, p. 482.) 

(1) The Formation of Glycogen — Glycogenesis . — Glycogen appears 
to be formed whenever the supply of glucose is in excess of that 
required for immediate use. As we have already seen above, it 
is a polysaccharide and is much less stable than vegetable starch. 
About a half is stored in the liver and about a similar quantity 
in the muscles, but it is present in small amounts in most tissues. 
Foetal muscle and the auriculo- ventricular bundle are particularly 
rich. It may be demonstrated in liver cells by staining with 
iodine which turns the glycogen granules reddish-brown, but in order 
to show this it is necessary to give the animal a diet rich in 
carbohydrate and, after killing it, to plunge the tissue immediately 
into boiling water to fix the liver cells, otherwise the glycogen 
is very rapidly reconverted to glucose. In the case of the muscles, 
this condensation of glucose has been demonstrated by perfusing 
these structures with blood containing glucose, and subsequently 
estimating the amount which they have taken up. The liver 
apparently cannot make glycogen from glucose in this way, but 
only if lactic acid or fructose solutions are perfused. The storage 
is therefore not so simple as at first sight appears for the liver 
cannot make glycogen from the blood glucose. For the storage'of 
glycogen by any organ the presence of insulin in the blood is 
necessary. The liver of a welhfed man has been calculated to hold 
about 200 grams. 

Actually the demonstration of glycogen storage in the liver was 
one of the earliest experiments done on carbohydrate metabolism. 
Claude Bernard, in 1848, washed a liver apparently free from 
glucose, but on letting it stand for an hour found that glucose 
again appeared in the perfusate, thus showing that there was in the 
liver a precursor of glucose. Bernard, however, considered that the 
liver secreted glucose and first use.d the term “ internal secretion 
in this connection. 

He also went further, he washed the liver free from glucose, 
cut it up and threw it into boiling water in which he ground it. 
After filtering off the solid material he found he had an opalescent 
solution from which he was able* by means of alcohol to precipitate 
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a substaDce which he called glycogen (the sugar former). Bernard 
was Professor of Physiology in Paris. 

As we shall see, the rapid conversion of glycpgen into glucose 
is of great value when large amounts of fuel are needed in the 
blood. The glycogen in the muscles, which in man is about 
350 grams, is immediately avaiiable for muscular exercise; but 
apparently in the mammal, if it is broken down into lactic acid 
and not actually needed, it is again built up into liver glycogen. 
The total glycogen stored in the body is about 600 grams and 
will supply about 3000 calories, or sufficient for one day. ‘ Liver 
glycogen may also be formed from protein if more of this substance 
is taken in than is_ needed for the repair of tissue. Some workers 
believe that it may also be made from fat, but the evidence on this 
point is not complete. 

Grlycogen never disappears completely from the liver in 
starvation, but may do so in strychnine convulsions or after 
injection of phloridzin which causes excessive loss of glucose from 
the kidney. 

(2) The Formation of Fat. — That fat can be formed from carbo- 
hydrates was definitely proved by the well-known experiment of 
Lawes and Glilbert, in 1852, on the fattening of pigs by feeding 
them with barley. This transformation has never been accomplished 
outside the body and its possibility was at first denied by chemists. 
How the long chains of the fat are linked together from the 
shorter carbohydrate chains is difficult to see. IMicro-organisms can 
accomplish the change of lactic acid into such fatty acids as acetic, 
butyric and caproic; boiling with alliah brings about a similar 
reaction. The most recent view is that pyruvic acid or acetic , 
aldehyde may be the intermediate state, but all we can say is 
that the change probably takes place in the Hver. 

(3) The Formation of Lactose, etc. — In the lactating mammal the 
mammary glands produce lactose from glucose, presumably through 
.galactose. 

In certain circumstances glucuronic acid is elaborated from 
glucose for the detoxication of poisonons substances to be excreted 
in the urine, and these give the tests for glucose. In other circum- 
stances pentoses are formed. 

(4) Oxidation of Carbohydrates. — All carbohydrates are oxidised 
eventually to carbon dioxide and water, but it is now known that 
many intermediate stages occur. Lactic acid is the best known., 
and most easily recognised intermediate product, but there are 
many others. 

The first stage appears to be the combination with phosphoric 
acid or phosphorhylation of the glycogen to form a hexose phosphate 
In support of this view^ it is found, for example, that the addition 
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of phosphate to minced muscle causes all the glycogen store and 
even added glycogen and glucose to be converted into lactic acid. 
Such a substance as hexose phosphate is found in the muscle juice 
and can be converted into lactic acid and phosphate, and these 
are found in equivalent amounts. Substances, e.g. arsenites, which 
hasten the decomposition of hexose diphosphate in yeast fermentation, 
hasten the oxygen consumption and lactic acid formation in muscle. 
It is known, also, that muscular work increases the amount of 
phosphate excreted. 

The origin of the phosphoric acid appears to be adenyl pyro- 
pliosphate and indirectly creatine phosphate (see Chemical Changes in 
Muscle, p. 41), sometimes called phosphagen, because of this action. 
If adenyl phosphate is removed from muscle juice the reaction 
does not proceed, although all the other constituents necessary 
are present. Detailed investigation has revealed several stages in 
which phosphoric acid plays a part thus ; — 


^-Glj'^cogen +^hosphoric acid-<- 

hexose (fructose) diphosphate (lactacidogen) 

i 

dihydroxyacetone phosphate 


glycero phosphate (2 forms) 
pyruvo phosphate 

4 ' 

pyruvic acid + phosphoric acid -4r- 
+ glycerophosphate , ^ 


dihydroxyacetone phosphate 

lactic acid + Og 

\ 

CO2 + H3O 


It is known that most tissues contain oxidation and reduction 
enzymes, which can break down such substances generally (see 
Tissue Eespiration). ' These stages, especially the pyruvic acid stage, 
are important as they may be common points in the breakdown or 
synthesis of carbohydrates, fats, and proteins. - 

Refebences, — Schaffer and Ronzoni, Cori, Needham, Robison. 


The Relation of the Pancreas to Oarhohydrate Metaholism. 

The fact that the pancreas was related to carbohydrate metab- 
olism was first demonstrated by Minkowski and von Mering in 
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1889, who removed the pancreas in dogs. It was observed that 
the dogs licked their urine and this led to the discovery of the 
presence of glucose in the excretion; further, that the glycosuria 
did not develop if a small piece of pancreas was transplanted under 
the skin and that otherwise total removal of the pancreas resulted 
in death in a few weeks. A year later Schultze showed that mere 
tying or blocking of the pancreatic duct did not produce such 
symptoms, which soon became recognised as the same condition as 
diabetes mellitus in man, in which the pancreas was known often to 
be diseased. These experiments led to the discovery that the 
islets of Langerhans which, unlike the ordinary acinar cells, do not 
degenerate when the ducts are tied, produced a substance which 
controlled carbohydrate metabolism. This substance was called 
insulin by de Meyer in 1909. The steps leading to its actual dis- 
covery are given by Macleod, 1926. 

The Preparation of Insulin. — The knowledge of the subject 
remained almost stationary for thirty years, although spasmodic 
unsuccessful attempts were made to make extracts of pancreas, 
which would alleviate the condition of diabetes, until Banting 
and his colleague Best demonstrated conclusively that there was a 
substance in the pancreas which could cause the glycosuria to 
disappear, but that the activity of extracts was usually destroyed 
by the pancreatic trypsin. They found it possible to make potent 
extracts* from the pancreas of foetal calves in which trypsin was not 
yet formed and from animals in which the trypsin-producing cells 
had been caused to degenerate by previously tying the duct. 

Subsequently it was realised .that trypsin is insoluble in 
50 per cent, alcohol, and this was the basis of the original 
method of extraction. Extracts are now made with cold weak 
alkaline alcohol and precipitated by adding further alcohol or by 
grinding up the pancreas with solid picric acid which precipitates 
the protein and insulin and redissolving the latter with acetone. 
(Coliip ; Dudley ; Dodds and Dickens.) InsuUn is now used 
extensively in the treatment of diabetes. Thus out of the early 
.experiments, carried out on animals in the cause of pure science, 
an enormous benefit has been conferred on mankind. 

The amount of' insulin in the pancreas is reduced by a fatty 
diet and by fasting. A low carbohydrate and high fat diet renders 
a subject more sensitive to insulin through an action on the 
pituitary body (Hims worth). Insulin causes a secretion of gastric 
juice and is used instead of a test-meal in studying gastric secretion. 
It is excreted by the kidney. 

TJie Chemistry of Insulin . — The exact formula of insulin has 
not yet been worked out, as it is a complex protein, but it has 
been possible to prepare it in crystalline form, zinc being apparently 
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necessary for ^ the crystallisation (Abel, Harrington and Scott). 
Insulin contains^ most of the common amino-acids but no 
tryptophan. It is not stable in alkaline solution, although fairly 
so in' acid. 

The standardisation of insulin was originally carried out by 
determining how much insulin was required to lower the blood 
sugar to 0'04 per cent, when convulsions are produced in a fasting 
rabbit of 2 kilos. It is now standardised by comparing the activity 
of the unknown sample with that of a standard sample agreed upon 
by a League of Nations Committee. 

One milligram of the crystalline substance is equivalent to 
24 units. 

The Nature of Insulin Action. — We have seen that insulin 
facihtates the utilisation of carbohydrates. It has also been shown, 
by Hawley and Murlin, that the oxidation of sugar is markedly 
increased, although, during the first hour, in insulin hypoglyceemia 
the sugar is apparently built up into some other substance. 
Exactly what happens to the glucose under the action of insuHn 
has been 'shown by the experiments of Best, Dale, Hoet, and . 
Marks, who perfused for a long period a glucose solution, plus 
insulin, through the vessels of an animal in which the alimentary 
canal and its associated glands including the liver, had been re- 
moved. They found that all the glucose which had disappeared 
could be accounted for by oxidation or by increase of muscle 
glycogen. 

We may, then, look upon the action of insuHn as increasiog 
the activity of tissues in relation to carbohydrate, whatever that 
action may be. • Thus it facilitates the building of glycogen by 
the liver and muscle and its utilisation by the muscle. When the 
blood sugar is high in a diabetic the injection of insulin causes, 
therefore, glycogen to be built up in the liver, but by facilitating 
glucose usage in the enormous mass of body muscle it may cause 
the blood sugar to fall below normal. The intimate nature of the 
action of insulin is still a problem. _ _ • _ 

Hypoglycsemia (Low Blood Sugar). — If insuHn is injected into 
a normal animal (or in excess into a diabetic animal) the blood sugar 
falls. When, as has been said, it has fallen in rabbits to 0'04 per cent., 
convulsions ensue ; but this level is not usually reached rmless the 
animal has been starved for twenty-four hours to get rid of the 
glycogen store. As this store is never quite depleted the convulsions 
may cause a temporary rise of blood sugar,^ 

In man, a similar state occurs, but it is commonly initiated 
by hunger, sweating, loss of emotional contool (parasympathetic 
activity ?), faintness, and lassitude. 

An excessive dose of insulin causes, (like oxygen-want) uncon- 
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sciousness and eventually death from respiratory failure as a result 
of the loss of fuel supply to the brain, since there is nothing to 
oxidise. Complete recovery occurs, however, when the fuel is 
restored hy the injection of glucose or is mobilised by adrenaline 
(see below). Posterior pituitary extract also acts, hut apparently hy 
antagonising the insuhn, for it does not raise the blood sugar. 
Hypoglyceemia and increased sugar usage are common in some 
forms of pituitary disease, presumably as a result of the absence 
of this antagonising action. Individuals vary very much in their 
sensitivity to insulin, as is indicated hy the speed of the fall in 
blood sugar. 

Oases have been recently described in which hypoglycsemia 
is due to a local overgrowth (adenoma) of the islet tissue of the 
pancreas. 

The Mechanism of 'Insulin Secretion. — Just as the external 
secretion of the pancreas is controlled hy the vagus nerve, so also is 
the internal secretion. Stimulation of the peripheral end of the 
vagus, the injection of pilocarpine or of alkali (which has many 
other actions like those of the parasympathetic) aU cause a fall of 
blood sugar. In order to demonstrate this, however, it is necessary 
to paralyse the sympathetic with ergotoxine (Clark), or to stimulate 
the sympathetic previously to a maximum. These facts suggest that 
whatever the nature of insulin action it acts during the time when the 
parasympathetic is most active, i.e. duriog physical and mental rest. 
Of some significance may he the fact that when a diabetic is in the 
hahhi of taking exercise, less insulin is necessary, and we know that 
in the intervals between exercise there is often increased parasympa- 
thetic activity. It appears that insulin is normally- circiilating in the 
blood, since the transfusion of normal blood brings about a lessening 
of blood sugar in a diabetic, and its presence normally in the 
tissues is indicated by the fact that there is less blood sugar in 
the venous than in the arterial blood. This is not so in the diabetic 
(Lawrence). 

There is some evidence also that the ingestion of carbohydrate 
causes an outpouring of insulin. If a quantity of glucose (100 gms.) 
is administered to an indi%T.dual there is a rise of blood sugar which 
is followed by a fall below the resting level. At this stage a 
subsequent similar dose of glucose may not cause the blood sugar 
to rise. 

It has also been shown by G-len that the venous blood of a dog 
injected with glucose will reduce the blood sugar of another dog. 
On the other hand, many workers have failed to find that the 
injection of glucose into the blood causes any increased speed in 
the fall of blood sugar after a second injection. 
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The Maintenance of the Blood Sugar Level. 

The Blood Sugar. — This term is given to the glucose present in 
the blood and the amount depends on the balance between the amount 
of sugar ^ being absorbed and that being utilised, stored, or lost. 
Usually it does not sink below the level, 0'08 to 0‘1 per cent, 
nor^ rise above 0*18 per cent., the renal threshold value. A normal 
individual^ should, however, he able to consume 150-200 grams of 
glucose without any appearing in the urine (i.e. the normal sugar 
tolerance). 

The Blood Sugar Curve . — In studying carbohydrate metabolism 
in man it is customary to make a graph of the rise of blood sugar 
following the ingestion of 50 grams of glucose in water flavoured 
with lemon (flg. 167). - ' ' 


BLOOD SUGAR CURVES 



Fig. 167.— The curves show the effect of taking 50 grams of glucose on the blood sugar of an average 
normal and average diabetic subject. There is, however, considerable individual variation 
since the curve is the result not only of the speed of utilisation of the sugar, but also on its 
speed of absorption from the intestine, and on the dietetic habits of the subject. 

The actual shape of the curve depends largely on his dietetic 
habits. A subject who normally takes large quantities of carbo- 
hydrate has therefore a comparatively small and short-lived rise 
of blood sugar. 

Bstimation of Blood Sugar . — The method of McLean which is 
much used consists in principle in the precipitation and removal of 
the protein by heat and colloidal iron. The filtrate is boiled with 
alkaline copper salt solution containing also potassium iodide and 
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iodate. The sugar reduces the copper which is re-oxidised by the 
iodine. The deterininatiou by titration with sodium thiosulphate 
of the iochne used gives the amount of copper reduced and thus of 
the glucose present. 

If there is excessive utilisation of glucose by the muscles, or the 
blood sugar falls from any other cause, the body calls on its reserve 
of carbohydrate, stored in the form of glycogen, especially that of 
the liver, to maintain the blood sugar level. 

Hyperglycsemia (High Blood Sugar). — This occurs whenever the 
amount of sugar absorbed is in excess of that utilised or stored, and 
may be produced in a large variety of ways. It occurs, as we have 
seen, if the pancreas is out of action and the carbohydrate utilisation 
is reduced, if excessively large quantities of carbohydrate are eaten or 
when more sugar is mobilised than is actually used. This latter 
hyperglycsemia depends on the presence of a glycogen-laden liver. 

Glycosuria. — This results whenever there is a hypergl}Tsemia 
i.e. blood sugar above the renal threshold which commonly varies 
in different individuals from 0*10 to 0'20 per cent. In being 
excreted the sugar takes with it a large amount of water; the 
glycosuria is therefore accompanied by a polyuria (increased 
production of urine). A few otherwise normal persons have a 
so-called renal glycosuria, because of a lowered renal threshold, but 
the coiidition is not serious. Experimentally, this threshold can 
be lowered by the injection of phloridzin. This glucoside acts 
apparently by impau’ing the normal function of the kidney, since, 
if the kidneys are tied off, the blood sugar instead of falling rises. 
Also, if the substance is injected into one renal artery, sugar appears 
first in the urine of the same side, thus showing the local action of 
the drug on the kidney, Tliis is believed to be a poisoning of 
the phosphorylating mechanism of the tubules upon which the 
reabsorption of sugar depends. It must, however, be realised that 
the term “renal threshold” is a convenient one which depends on 
two factors, the permeability of the capillaries of the kidney 
glomeruli, and the power of absorption by the renal tubules. In 
diabetes more sugar is filtered off than the tubules can reabsorb. 
(See the Function of the Kidney Tubules.) As a result of the fall 
of blood sugar the glycogen of the liver is depleted and later 
sugar is made from protein to maintain its level in the blood. 

The Mobilisation of Glucose (Glycogenolysis). — It has long 
been known that the amount of glycogen in a muscle diminishes if 
it is made to contract, and that immediately after severe exercise 
the blood sugar is high, and there may even be glycosima. Further, 
it is found that in severe muscular work the respii’atory quotient 
over the total period of the work is nearly unity, indicating that more 
carbohydrate has been consumed. It is, therefore, to be expected 
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that a mechanism for the rapid mobilisation of glucose exists and, 
indeed, much of the older woi'k in relation to glycosuria, as we now 
realise, supports this view. 

The essential facts were first made out by Claude Bernard, to 
whose work we have already referred. These observations have 
been amply confirmed by the work of Mann and Magath, who 
have shown that many procedures which cause an increase in blood 
sugar, e.g. the production of asphyxia or the injection of adrenahne, 
fail to do so if the liver has been previously removed. 

This mobilisation of glucose, accompanied by the reduction of liver 
glycogen, takes place not only in exercise, but also when a fall of 
blood sugar is produced experimentally by the injection of insulin 
which, as we have seen, causes a transference of the sugar to the 
muscles. Once glycogen has been transferred to the muscles it 
apparently ceases to be available for use by any other organ, even 
in starvation (Cori). 

The actual glycogenolysis, or glycogen breakdown, is a hydrolytic 
process, like the breakdown of starch, brought about through the 
agency of two enzymes. The first, phosphorylase, in the presence 
of its co-enzyme adenylic, acid causes the glycogen to take up 
phosphoric acid with the formation of glucose-phosphate, from 
which glucose is liberated through the agency of the second enzyme, 
phosphatase. The reaction is governed largely by the amount of 
the reacting substance present and by the hydrogen-ion concentra- 
tion of the medium in which it acts. It is most active just on 
the acid side of neutrality. The enzymes may be looked upon 
as being responsible for the breakdown of glycogen, which occurs 
rapidly at death, and as facilitating that which, as we shall see, 
occurs in asphyxia. 

The glycogen in the muscles is converted, not into glucose like 
that in the liver, but into lactic acid, thus probably saving two 
stages in the breakdown process. The chemistry of 'the processes 
is discussed in relation to Oxidation of the Carbohydrates. 

The total glycogen reserve of the body is !]calculated at about 
400 gms. in a well-fed man; that is sufficient to produce about 
2000 calories or sufficient energy for half a day’s moderate physical 
work. 

The Causes of Mobilisation. — This has been investigated 
largely by studying the various procedures which, cause hyper- 
glycgemia and glycosuria. , It might be expected from what has 
been said that the mobilisation is under sympathetic control, and 
there is a certain amount of evidence to indicate' this. This view 
would appear to be supported by the classical experiments of Claude 
Bernard, who found that puncture of the floor of the 4th ventricle 
resulted in glycosuria, and that this- did not occur if the nerve path- 

, Q 
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ways between this point and the liver were cut. -Unfortunately, these 
experiments tend to he complicated hy interference with respiration 
and a fall of blood-pressure, wMch themselves affect .the blood sugar, 
and they are therefore not so conclusive as at first thought. 

Stimulation of the splanchnic and hepatic nerves also causes 
hyperglycsemia, but Macleod suggests that this result is due to the 
stimulation -of the suprarenal glands and the outpouring of 
adrenaline, since he found that ' if these glands were removed 
the hyperglycasmia no longer occurred. On the other hand, it has 
been found that if the hepatic nerves are cut, splanchnic stimu- 
lation no longer causes hyperglycsemia, a fact which indicates 
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intimate nervous influences. The exact control is, therefore, still 
a matter for decision. That the mobilisation of 'glucose is under 
sympathetic control appears certain and the tdew is supported by- 
the fact that a very large number of conditions which increase 
sympathetic activity generally cause hyperglycaemia. Of special 
importance is the action of adrenaline (extract of suprarenal gland) 
wMch, when injected, causes a hyperglycsemia by reducing the 
glycogen content of the liver. It also converts the glycogen of the 
muscles into lactic acid, which is then converted into glucose by 
the liver. This does not, however, occur after the injection of 
ergotamine which paralj^ses the sympathetie. Asphyxia causes a 
- similar hyperglycsemia, and any drug which depresses the resphatory 
centre acts likewise. Similarly, sensory stimulation and, as we have 
said, severe exercise cause hyperglycsemia. 

Mobilisation of glucose from the liver is facilitated by the action 
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of the thyroid, as is seen by the fact that feeding with thyroid 
increases the hyperglycsemia produced by adrenaline, and lessens 
the hypoglycsemia caused by insulin. Hyperthyroidism in man 
produces hyperglycemia, and, as we shall see, so does increased 
activity of the posterior lobe of the pituitary body. 

The recent observation by Houssay that hyperglycemia does 
not occur if the pituitary body is removed at the same time as 
the pancreas, suggests that this organ has an intimate relation to 
sugar usage. 

Diabetes Mellitus. — The term diabetes is given to disease 

of the pancreas, which leads to a typical reduction of capability to 
utilise carbohydrates, with hyperglycsemia and glycosmia as a result. 
The excess of sugar in the urine takes with it water and brings 
about an excessive production of urine which, together with the 
fuel loss, leads to great thirst and appetite. There is at the 
same time greatly impaired vitality, with - increased liability to 
infection. Diabetes may arise from chronic inflammation of the 
pancreas by its being poisoned by various substances, but some cases 
arise so early in life that a congenital abnormality may be suspected. , 

Experimentally, a similar result is produced by removal of the 
pancreas. After removal of the organ, the blood sugar may rise 
from its normal 0'08-0‘ll to 0‘2-0’4 or more in twenty-four hours. 
Diabetes due to degeneration of the pancreas may also be produced 
by the injection of a number of substances such as alloxan and 
extracts of the anterior lobe of the pituitary. These methods are 
convenient for experimental use and are of special interest as some 
cases of diabetes occur which are- not responsive to the injection 
of insulin. 

The rise of blood sugar is certainly due to under-utilisation, but 
since in diabetes removal of the liver causes a fall of blood sugar, even 
if the liver has been previously exhausted of glycogen by starvation 
(Mann and Magath), we must assume that the hyperglycaemia of 
diabetes is in part due to an excessive action of the liver in forming 
sugar. A study of the ratio of dextrose to nitropn excreted in the 
urine (J) : N ratio) suggests that in the diabetic, sugar is formed 
from protein. 

' As a result of the faulty combustion of carbohydrates, the 
organism rises fat in excess to provide energy, but it would seem 
that some of the ketone bodies produced by the liver are liberated 
faster than they can be used, with the result that a .fatal acidsemia 
in ketosis results. (See The Oxidation of Fats.) In the treatment 

* This condition is not to be, confused with diabetes insipidus, a disease produced 
by disease or injury to the pituitary body or hypothalamus, characterised by the 
passage of large quantities of very dilute urine not containing sugar. It is 
discussed later. 
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of diabetes glucose is commonly given with the insulin to prevent 
hypoglycsemia, hut should the latter ensue it may at once be relieved 
by the administration of glucose, adrenaline, or pituitary extract. 
Modern views on the mechanism of diabetes mellitus are summarised 
by Himsworth, 1939. 


Metabolism of Fats. 

The chemistry of fats has already been considered. 

The Origin of Fats in the Body. — The fats in the body arise 
from two main sources, namely, the fat and also the carbohydrate 
of the diet. We have-akeady referred, in relation to the metabolism 
of carbohydrate, to the classical experiment of Lawes and Gilbert, 
who demonstrated that pigs could be fattened on a diet consisting 
chiefly of carbohydrate — barley. They found that the fat formed 
was greatly in excess of the small quantities unavoidably given in 
the food.- It was considered by Yoit and Pettenkoffer that, since 
they could fatten dogs on lean meat, fat was probably formed from 
protein, and on theoretical grounds this seems possible, since, as we 
. know, the non-amino part of amino-acids may be utilised as fuel. 
At the time, the experiments were not accepted as conclusive, because 
the glycogen and fat of even lean meat had not been sufficiently 
considered. The later work of Atkinson, however, supports the 
earlier view, that smaller amounts of protein lead to an accumulation 
of glycogen and in exceptional circumstances feeding on large 
quantities of protein with water and salts may lead to an accumula- 
tion of fat as weU. 

As we have seen in relation to digestion and absorption, fat 
is taken up by the villi partly as fatty acid and glycerol and 
partly also as neutral fat. However absorbed, it appears in the 
lacteals as neutral fat. Thence it passes by the thoracic duct 
to reach the left innominate vein. Only 60 per cent, of the fat 
taken can, however, be recovered from the thoracic duct and no 
satisfactory account for the remainder has yet been offered. It 
may be stored locally, or may be absorbed into the blood. If the 
latter, it must be removed at once, as the blood fat does not rise 
if the thoracic duct is tied. 

The Blood Fat. — Like the blood sugar, the blood fat rises after 
a meal and may reach a maximum of 2 per cent, about six hours 
later. A little later there is an increase of the lecithin and 
cholesterol of the blood. In disease, e.g. diabetes mellitus, in which 
fat metabolism is disordered or excessive, the blood fat may rise even 
to ten times the normal maximum. 

How the blood fat is controlled is not clear. It is maintained at 
its normal level in spite of complete starvation for many days, when 
' the fall of the E.Q. indicates that fats are the chief source of energy. 
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The utilisation of Lipides.— The fat is burnt as fuel, or it is 
stored in the fat depots of the body and acts as reserve stores of 
energy. In the lactating mammal it is secreted in the milk. 

Fat appears also to be a constituent of cells, for even in starvation 
it is never absent and may be stained. Although it may not he 
seen normally it becomes evident microscopically in the pathological 
states known as fatty degeneration. This is sometimes known as 
the constant fat, as distinct from the variable fat of the depots. 
It is valuable also as insulating material, and those animals which 
live in cold environments have usually large amounts of sub- 
cutaneous fats. We have already seen that it is the normal vehicle 
of vitamins A, D, and E. 

The more complex lipides such as the phospholipide lecithin 
(see p. 275) have probably other functions. 

It has been suggested that lecithin is formed from the blood 
fat and that it has special importance in relation to the transport 
of fat in the body (Bloor). It would be well suited for this 
purpose, as it is the only non-toxic compound of the fatty acids 
which 'is miscible with water and is easily formed from fatty acids. 
He also suggests that the fat is converted into phospholipide 
before being desaturated. (See Bloor, 1939 ; also. Sinclair, 1934.) 
The corpuscles, of the blood contain mor'e cholesterol and lecithin 
than the plasma, but it is not known what significance this . fact 
may have. It has been suggested, from observations on the tail 
fat of the tadpole; that the leucocytes have "some special function in 
transport, since they have been seen loading and unloading themselves. 
It is probably a constituent of all cell membranes and plays a part 
in permeability and surface phenomena. 

The storage of fat takes place in the liver and in that variety 
of connective tissue known as adipose tissue which occurs specially 
below the skin and in the omentum and mesentery; in the ceUs 
of adipose tissue the^fat is present in the form of large droplets, 
fluid at body temperature. These deposits are known as the fat depots. 

normally, the fat which is built up by an animal is peculiar 
to that animal, hut if it is starved and subsequently fed on fat 
unusual to its diet, it may put on fat of another composition. 
The different fats can be readily identified by their melting-points 
and their iodine values. (See Chemistry of Fats.) 

^ When, therefore, an animal takes a fat different in com- 
position from its own fat, the appropriate fatty acids are added 
or taken away before the fat is deposited. We must presume, 
in the absence of more exact knowledge, that the additional fatty 
acids are specially made for this purpose from the carbohydrates 
of the diet. Munk further discovered the remarkable fact that if 
fatty acids are given as food the, chyle contains fat, the glycerol 
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having been added by the intestine. Only a Kmited , amount of 
glycerol is, however, available for this purpose since if fatty acids 
are given only part is absorbed. The fat which is made from 
carbohydrate is that peculiar to the animal. 

The normal neutral fat of the depots contains 95 per cent, of 
saturated fatty acids. The liver fat, on the other hand, is usually 
much more unsaturated than that of adipose tissue and this appears 
to be of special significance in the preparation of fat for final 
combustion. (See Drummond, 1933.) 


FOOD 

FAT 



The amount of fat in the liver is greatl}'’ reduced by adding 
choline to the diet, but the mechanism of this lipotropic action and 
its significance is unknown. (Best, 1934.) 

This storage of fats in the depots is most important, as fat 
is a most economical form of fuel, or source of potential energy. 
The storage of 100 calories may be effected in a space of 12 c.c. 
of adipose tissue weighing 11 grams, the storage of the same 
amount of potential energy as glycogen is never effected in less 
than ten times that bulk of liver tissue weighing 130 grams, 
and rarely in less than double this amount. If the formula of, 
a fat is compared with that of a carbohydrate, it will be observed 
that fat is relatively deficient in oxygen, and when it has to be 
burnt it requires more oxygen than a carbohydrate. Hence it is 
that a gram of fat has a higher calorific value (9-3) than carbo- 
hydrate (4T) and that the burning of fat is accompanied by a 
lowering of the respiratory quotient. 
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• The fat which is stored is quite different from that which' is part 
of the make-up of the cells themselves. The latter is not used up 
even in starvation but is kept available for muscular exercise. 

The destinations of fat in the body are indicated by fig. 169, 
p. 486. 

The Oxidation of Pats. — ^Although we ' know that fats are 
eventually oxidised to carbon dioxide and water, the intermediate 
steps are as yet by ho means certain. A considerable amount of 
evidence has, however, accumulated to the effect that the long chain 
fatty acids are first oxidised to smaller chains. Thus caproic acid 
becomes butyric acid, and so on until COg and HgO are reached. 

/3 a 

CHg . CH 2 . CHj . CHg . CHg . COOH + 3 Og 

= CHg . CH 2 . CHg . COOH + 2 COg -1- 2 HgO. 

W.e may indicate, as suggested by Knoop, the reactions which 
take place in the metabolism of butyric acid thus : — 


(1) -I- O 

(2) + O 

(3) +40 

(4) +40 


CHg . CHg 
CHg ; CHOH 
CHgiCO 


a 

CHg 

CHg 

CH„ 


CHg i COOH 
2CO2 +2H2O 


COOH (butyric acid) 

COOH (^-hydroxybutyric) 

COO H + HgO (aceto-acetic or diacetic) 
+ 2 COg + SHgO (acetic) 


Although, however, this oxidation is shown occurring in stages 
it must be understood that the reactions all occur together. 

That the long chain loses two carbon atoms at once from the end 
where the COOH group is attached (/3-oxidation), is suggested by 
the following experiments.- Advantage is taken of the fact that the 
body cannot break down the benzene ring. An artificial fatty acid 
containing this ring is made and administered to an animal. The 
fatty acid chosen may have an even or an odd number of carbon 
atoms ; one with an odd number is more completely oxidised than 
one' with an even number, further oxidation being prevented by 
the formation of a stable end-product. Thus from a fat with an 
odd number, the end-product benzoic acid (C 5 H 5 COOH) is produced; 
from a fat with an even number the substance phenylacetic acid 
(CgHg . CHg . COOH) is the end-product. The end-product in each 
instance combines with glycine to form hippuric and phenaceturic 
acid respectively and as such is recognisable in the urine. 

Similarly, Embden and his co-workers have found that in a 
peffused isolated liver, more acetone is produced when fatty acids 
with an even number of carbon atoms are added to the blood than 
when one with an -odd number is added. This can be explained 
if oxidation results in the removal of two carbon atoms at a time 
from the fatty acid. When only four carbon atoms are left, butyric 
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acid is formed and this is known to give rise to acetone under these 
conditions, whereas propionic acid, which would be derived in the 
same way from an acid with an .uneven number of carbon atoms, does 
not. In this connection it is of interest that the only fats which 
the body is called upon normally to metabolise have an even number. 

It is interesting also to observe that Dakin has found that 
oxidation with hydrogen peroxide (which we know is important in 
biological oxidation) will bring about /3-oxidation in vitro. 

In addition to this type of oxidation it has been shown by 
Leathes and his co-workers that the liver may convert saturated acids 
into unsaturated ones (desaturation). This process removes two 
hydrogen atoms in the middle of the chain and makes it more easily 
split into two shorter chains. It thus renders them more liable to 
further oxidation and may represent a preliminary stage in the 
oxidation of fatty acids. (See Leathes and Eaper, 1924.) 

Ketosis. — This condition; we have seen, may occur in diabetes 
mellitus when the tissues are unable to utilise glucose as a source of 
energy to the normal extent. It is so-called because of the appear- 
ance of keto-bodies in the blood and urine, that is of bodies like 
acetone having a CO-group. In this condition the blood fat may rise 
to 20 per cent. The exact mechanism of the production of the 
ketone bodies is a matter of debate. Until recently it has been 
accepted that when the four-carbon stage is reached (butyric 
acid) by successive oxidations in the position, further oxidation 
appears to be more difficult and to depend in some way on the 
simultaneous combustion of carbohydrates. If the combustion is 
deficient as in diabetes, the oxidation of the hut}Tic acid instead of 
proceeding completely to carbon dioxide and water stops or is delayed 
at the stages of j8-hydroxybutyric acid and aceto-acetic acid. The 
latter, CHg . CO . CHg . COOH, readily loses CO., forming acetone 
CH3.CO.CH3. 

In this scheme, however, the odd-numbered fatty acids could 
not give rise to ketone bodies, but it has now been shown by 
Jowett and Quastel that such bodies are made to a small extent 
by slices of liver from fatty acids with an odd number of carbon 
atoms, e.g. valeric (C4H9COOH) and heptoic (CgH^gCOOH) acids. 
McKay and his colleagues have obtained similar results. A more 
probable view has been put forward, namely, that the ketone bodies 
are the condensation products of acetic acid molecules wliich occur 
during normal oxidation of fat, leaving propionic acid residues 
(in the case of the odd numbered chains) which condense to form 
sugar. The feeding of propionic acid * alone results in glycogen 
being laid down in the liver without ketosis. Acetic acid has also 

* Propionic acid, CoHjCOOH, is the next fatty acid below butjTic, C.H-COOH. 
(See p. 0 , 11 .) 
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been shown to increase to a small extent the production of aceto- 
acetic acid by slices of liver tissue. On the other hand, acetic acid 
has never been shown to be a product of the normal breakdown 
of fatty acids. • _ 

The most probable view is, then, that ketosis is due to an 
excessive breakdown of fab (Soskin and Levine) and carbohydrates 
prevent it by building up the liver glycogen and reducing the 
importance of fat as a substance for oxidation. This’ view gains 
support from the fact that it has never been possible to relate 
quantitatively the amount of ketosis to the amount of fat and 
carbohydrate actually burnt, nor has it ever been found that there 
is any faulty mechanism of |8-hydroxyhutyric or aceto-acetic acids 
in the peripheral tissues. It probably explains, too, why ketosis 
in a fat dog is greater than in a lean one (Best), and why ketosis 
occurs in starvation. 

The ketone bodies are most important in disease. Aceto-acetic 
acid is particularly toxic, it is thought, because of the enolic form 
CHa — C(OH) = GH — COOH in which it may occur. It is a general 
nervous depressant first causing unconsciousness or coma and 
eventually death from paralysis of the respiratory centre. This 
danger is reduced hythe administration of carbohydrates together 
with insulin. 

The presence of acetone, which gives the breath and urine the char- 
acteristic apple-like odour, is not necessarily of serious significance. 

It is a remarkable fact that some individuals can consume a 
very high fat diet, and hibernating animals use their fat without 
evidence of ketosis, while patients suffering from urinary infections 
and put on a ketogenic diet of much fat to make the urine acid 
and anti-bacterial do not remain ketotic for more than a few weeks.- 
This has not yet been satisfactorily explained, but there is evidence 
that in subjects suffering from obesity, successive periods of 
starvation cause ketosis in a diminishing degree (Bolin and Denis), 
a fact which suggests that the body can become more and more 
capable of using fat. ^ ' 

Enzymes in Pat Metabolism. — Esterases, since they hydrolyse 
esters and are present in many tissues, prohahly play a part in 
assisting in hydrolysis and synthesis of fat; the reaction which 
they bring about being reversible and the requirement of the 
body determining the direction. 

The Essential Patty Acids. — Some fatty acids, linoleic, linolenic, 
and arachidonic, are necessary for the proper growth and sldn health 
of rats, but no clear-cut cases of the deficiency in man have been 
described. 
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Protein Metabolism. 

In discussing the metabolism of carbohydrates and fats in the 
animal organism, it has been shown that the changes suffered by 
these components of the diet are essentially related to the production 
of mechanical energy, or heat. Protein may in part similarly be 
used as fuel, but its most important function is growth and repair. 
Protein alone among the foodstuffs contains the elements essential 
for the construction of new tissue, not only in the growing animal 
but also in the adult, where tissue wastage is constantly occurring 
owing to wear and tear processes. Moreover, it is becoming evident 
that these same elements are also required for the elaboration of 
substances of importance in the regulation of the organism, e.g. 
thyroxine. Hence it is seen that the protein of the food plays a 
role in the animal organism which cannot be undertaken by any of 
the other constituents of the diet. 

Destination of the Amino-Acids. — Concerning the actual mode 
of this elaboration of new tissue and of regulative secretions very 
little is known. Nevertheless, available evidence indicates that 
the amino-acids, wliieh we have seen are the ultimate breakdown 
products of the protein of the food during digestion in tlie alimentary 
canal, are intimately connected with this process. Yan Slyke, for 
example, investigating the fate of amino-acids intravenously injected, 
found that not only did they rapidly disappear from the blood- 
stream, but also that this disappearance was due to their absorption 
by the tissues. 

The iucrease of amino-acids after the injection was greatest 
iu the hver, though the kidney and muscles appeared to retain 
their quota for a longer time. The fall in the liver amino-acids 
which takes place after the first hour was, moreover, accompanied 
by a rise in the blood urea and, as will he seen later, these 
two phenomena are closely related. It is thought that normal 
absorption of amino-acids by the tissues takes place in much the 
same way. Having thus loaded themselves with amino-acids, the 
tissues proceed to pick out those they particularly require, either 
to incorporate them into their own substance, or for the production 
of secretions ; those ammo-acids not so required, however, may he 
retained or transferred by way of the blood-stream to the hver, 
where they are broken down and the non-amino part used as fuel. 
There are, then, two main processes in protein metabolism ; firstly, 
the building up of ammo-acids from the blood-stream into the 
tissues and special substances hke the hormones and bile acids, and 
secondly, the breaking down of the amino-acids not so -required. 

In addition to the' metabohsm of the protein of the diet, one 
must also remember that amino-acids are hberated from body 
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protein during tissue wastage and that every living tissue is 
periodically replaced. These amino-acids are dealt with in exactly 
the same way as those of 'the diet, hut as would he expected 
such protein metabolism does not vary in amount Idee that of 
the diet. 

Folin has classified protein metabolism on this basis. Metabolism 
which is closely related to the synthesis and breakdown of body 
tissue is called endogenous, while that not so related is called 
exogenous. 

The products of exogenous metabolism in the urine are those 
which vary with the diet. Those of endogenous metabolism are 
unaltered by a diet rich or poor in protein, since they depend on 
the constant breakdown of the tissues of the body and are creatinine, 
neutral sulphur, and a small quantity of urea and uric 'acid. In 
conditions of excessive tissue breakdown, e.g. during involution of' 
the uterus and in fever, the creatinine is much increased. It should 
be noted that the products of endogenous metabolism go directly 
to the kidney without passing to the liver. Ingested neutral sulphur, 
e.g. cystine, becomes oxidised to inorganic sulphur in that organ. 

In the liver, as we have said, the amino-acids are deaminated, 
that is, they lose their NHg groups. Dudley and Dakin have 
•suggested that this is probably the result of simple dissociation 
in which the acid is 'liroken down to ammonia and aldehydes, 
a reaction possibly accelerated by, enzymes but certainly not 
requiring much oxygen. 

The process of deamination is the first in the formation of 
urea. The subsequent stages have been the Subject of a considerable 
amount of research. 

I it was shown, for example, by Schroder in 1882 that ammonium 

carbonate, 0 = C\ if- perfused through the liver, was con- 

verted into urea, and it has therefore been considered that this 
substance is probably an intermediate stage in the formation of 
urea normally. The feeding of ammonium carbonate to, animals 
also causes an increase in the excretion of urea. This does not prove, 
as was first thought, that ammonium carbonate is a necessary 
precursor of urea but only that it can be a source of COg and IIH 3 
for its formation. 

Because of this it used to be considered that the formula of 

/N-Hg 

urea was 0 = C\ , but Werner has pointed out that urea 

^NHg ; 

forms only one salt mth nitric acid and not two, which would be 
the case if there were twp basic (NHg) groups in the molecule, and 
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has suggested formulae in which the two nitrogens are differently 
situated. 

/NH3 - 

They are NH = C\ I and ISIH = 

^0 \0H 

These formulae do not satisfy many biochemists, and especially 
physical chemists, who find that the reactions of urea are not 
consistent with it. 

Actually Bell, Gillespie, and Taylor have pointed out that the 
objection of Werner is unjustifiable because urea is such a weak 
base that the two salts could not really be expected. They point 
out that a similar state of affairs occurs in the case of the weak 
acid H2CO3 which forms one salt ITaHCOa easily, but hfagCOs only 
with difficulty and only in very alkaline solutions. They have 
calculated that similarly the acidity necessary to make the second 
salt from urea with nitric acid is beyond that of pure nitric acid. 


It has also now become known that urea is formed if slices of liver are supplied 
with ammonia and carbonic acid, and that this reaction is greatly accelerated 
by the presence of the diamino-acid ornithine. 

Krebs has therefore suggested that the formation of urea is as follows, although 
it is not certain that aU urea is formed in this way. The ammonia and carbon 
dioxide combine with ornithine to form arginine. In the liver a powerful enzjTne, 
arginase, is present which breaks down arginine to urea and ornithine, which can 
be used over again. This is indicated by the following formulae, in which it is 
seen that arginine contains in the a position the usual NHo group and at the other 

NH„ 


end of the chain a guanidine group, NH = CX^ 


NH, 


which is very like urea. 


,NH„ 


NH.> 


H2O + HN =c/ 

\NHCH„ . CI-L . CH. . CH . COOH 


This gives 


water + arginine 


-J- arginase. 


/NH„ 

NH = C< " + NH, . CH, . CH, . CH, . CHNH, . COOH. 

\0H - - - 


i.e. urea 


+ ornitbino 


It seems likely that in the first stage the arginine is not formed directly but 
through an intermediate product, citruUine,’ which is formed by the action of 
ornithine on the ammonia and carbon dioxide and which is then converted into 
arginine by further ammonia. We have thus three possible formulm for urea : 


O = 



NH = 



and NH 


a = c< 


NH,. 
OH ’ 


The whole subject of the exact steps by which urea is formed 
and its formula are by no means settled. It appears more than 
likely that it cannot be represented by any smgle static formula. 

The whole -point of this elaborate arrangement is to produce 
from the alkali ammonia a soluble neutral substance, urea, which 
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can be easily eliminated or from which, • as we shall see, ammonia 
IS I very readily available when it is necessary to neutralise acid 
products in the blood. This neutralisation takes place in the 
kidney. (See Ammonia in the. Urine.) 

The process of urea formation takes place in the liver, and if an 
Eck -fistula is^ made (i.e., the portal vein is joined to the vena cava) 
SO' that the liver is short-circuited, no urea is formed. Mann and 
Magath have shown that removal of the hver causes a steady 
decrease of the urea in the blood and urine, provided urine secretion 

SCHEME OF PROTEIN METABOLISM 

[Exogenous Metabolism] 

PROTEIN OF DIET 



continues. If the flow of urine ceases or the kidneys are removed, 
-the blood urea remains constant, indicating that urea is not destroyed 
in the body. The liver is, however, not the only site of deamination, 
indeed deaminising enzymes are found in many tissues. Older 
experiments with the Eck fistula showed an accmnulation.of ammonia 
in the blood and indicated that deamination might take place in 
other tissues. It has now been shown that the d-amino-acids are 
deaminised in the kidney. It has also been found that ammonia is 
formed by an asphyxiated heart-lung preparation. 

The urea formed in the liver passes into the blood-stream and 
thence by way of the kidney into the urine. 

The reverse process, of making ammonia from urea, also takes - 
place in the kidney. This is dealt with further in relation to the 
ammonia of the urine. 

The Fate of the Non- Amino Fraction. — ^M^hat remains pf the 
amino-acids after deamination is oxidised to ketonic acids and some 
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subsequently to bydroxy-acids, such as lactic acid, for final oxidation. 
Some, such as alanine or glycine, may be converted through glucose 
into fat or oxidised according to the requirements of the body; 
others, like leucine and tyrosine, may yield acetone bodies. 

In certain circumstances such as in diabetes or starvation, protein 
may become an important source of carbohydrate and body fuel 

Other products of protein metabolism are excreted in the 
urine. Of these the sulphates are the most important, and since 
almost all proteins contain the sulphur containing amino-acids 
such as cystine the sulphates in the urine may, like the nitrogen 
excreted, be taken as an indication of the amount of protein 
metabolism. (See Lewis, 1924.) 

The various destinations of protein are indicated conveniently 
in the above schema. 

Purine Metabolism. 

We have yet to consider the metabolism of the special group 
of proteins called nucleo-proteins. As the name suggests, these 
compounds contain nucleic acid, a complex organic acid con- 
taining phosphorus, which is found widely distributed in animal 
and vegetable tissues. It is an important constituent of nuclei and 
is, therefore, present in quantity in cellular organs such as the liver, • 
thj^us, pancreas, lymphatic glands, and testes. Moreover, in man, 
it is the precursor of uric acid, and a study of its metabolism is 
therefore of importance. 

During digestion the nucleo-proteins undergo a variety of changes 
which primarily break them up thus : — 

nucleo-protein 

'I' (^y g^istric juice) 

protein + nuclein 

(by gastric digestion) (by pancreatic juice) 

peptone nucleic acid + protein. 

The nucleic acid is split into constituent nucleotides by the 
nuclease of the intestinal juice and wall, the final end-products wliich 
pass into the blood are amino-acids, from the protein part, and 
purines, pyrimidines, phosphoric acid, and hexose (or pentose), from 
the nucleic acid. The constitution of purine is 

(1) N = OH (6) 

I ! 

(2) HO (5) C NH (7) 

I I ' 

(3) N 0 N 

(4) (9) 

The purine ring is shown in dark letters. 
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where Pu represents the purine ring and the numbers indicate the position 

of the substituting groups. 

The more important purines (nucleotides) from our point of view 
are adenine and guanine, whose simpler formulae are respectively 


/H (2) ,NH2 (2) 

Pu^NHj (6) and Pu^OH (6) 

(8) \h (8) 


These two compounds, after absorption from the intestine, pass 
to the liver and other tissues, where they are deaminised in much 
the same manner’ as amino-acids, by the respective deaminases 
adenase and guanase. Adenine, under these conditions, yields 
hypoxantliine, or 6-oxy-purine 

/H (2) 

Pu^OH (6) 

\h (8) 


while guanine yields xanthine or 2, 6-dioxy-purine 

/OH (2) 

Pu^OH (6) 

\h (8) 


Hypoxanthine and xanthine are then oxidised with the formation 
of uric acid, 2, 6, 8 — trioxy-purine, 

/OH (2) 

Pu/OH (6) 

\OH (8) • 

which is excreted in the urine as sodium and potassium salts. 

While the changes thus described are taking place in the liver, 
the nucleic acid, which is a constituent of all cells, also suffers 
similar changes. Hence the uric acid, which finally appears in the 
urine, is partly endogenous in character, and partly exogenous. 

While in man the uric acid so formed is excreted as such, yet 
many mammals, particularly the dog, are able to carry the process 
of oxidation one stage further, with the result that one of the 
purine rings is broken and allantoin is formed. In the urine of 
these animals allantoin thus lai’gely replaces uric acid. In other 
mammals again, the allantoin so formed appear s to be broken up 
with the ultimate formation of urea. 
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For our present purpose we might summarise the above changes 
simply, thus 


Nucleo-Protein 
of tissues 

J 

'i' 

nucleic acids 

'I' 

purine bases 

I 


Nucleo-Protein 
of food 


'I' 

adenine 

(by adenase) 

'i' 

hypoxanthine + O- 


'1' 

guanine 
(by guanase) 

i ^ 

xanthine + O 

I 


Uric Acid (man) 

(by nricaso) 

'I' 

allantoin (dog) 

^ 'I' 

urea (other mammals) 


The mode of excretion of uric acid in man is dealt with under 
“ Urine.” 

It is of interest that the chief nitrogenous constituent of birds’ 
urine is uric acid, and here the uric acid appears to be built up in the 
liver from the urea produced during the ordinary processes of protein 
metabolism. That such a synthesis takes place in the bird can be 
shown by cutting out the liver from the circulation. Under these 
conditions it is foimd that ammonium lactate accumulates in its blood. 
(Jones, 1920^ Eose, 1923 ; also LeAune and Base, 1931.) 

The function of nucleic acids and their derivatives is becoming 
a subject of increasing importance, and is discussed by Drury, 1936. 
Some of these, such as adenosine triphosphate, are intense vaso- 
dilators as shown by Fleisch. There seems little doubt that the 
substances contained in nuclei are of. the greatest importance in 
controlling the activity of cells. (See Needham, 1925.) 


The Essential Amino-Acids and Protein S3mthesis. 

The study of protein digestion and subsequent metabolism 
indicates how the organism can construct the proteins peculiar to 
itself and maintain its chemical individuality, although the proteins 
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taken vary so widely in composition, especially in regard to theii- 
amino-acid content. 

•iriie evidence indicates that in the first instance the organism 
breaks down all foreign proteins into their constituent amino-acids 
and subsequently uses such amino-acids as it requires to build 
up its own protein. 

In the making of animal proteins, however, ten essential 
amino-acids appear to he more important than others for certain 
animals. Some can be made apparently by the animal from 
simpler substances but others must be supplied, at least to carnivorous 
animals. 

The ten essential , amino-acids are : — 


Arginine 

Histidine 

.Isoleucine 

Leucine 

Lysine 


Methionine 

Phenylalanine 

Threonine 

Tryptophan 

Valine, 


and from these the other amino-acids may be made. 

- By feeding animals on diets deficient in different amino-acids 
it has been possible to obtain accurate information on the subject. 
This has been done especially by Hopkins, Osborne, Mendel, 
Eose, Sherman, and many others, and it is of interest to recall that 
it was such experiments also which led to the discovery of 
vitamins. 

In the young animal the choice of diet is more important than 
in the old, which appears to have a greater power of synthesis as 
it has less power of growth. 

In this connection then the amino-acid content of proteins 
is of the utmost importance. Some proteins such as gelatine 
contain no tyrosine or tryptophan. Zein, the protein of maize, 
contains no tryptophan, lysine, or glycine. Casein, the protein of 
milk, contains no glycine and little cystine. G-liadin, the protein 
of wheat, has no glycine or phosphorus. Purines are absent from 
caseinogen, gliadin and edestin. 

Young rats thrived on all these proteins, but a puppy would not 
thrive on gliadin as its only source of nitrogen, although its mother 
thrived excellently and was able to produce and nurture her young 
normally. 

By such experiments, it has been found that lysine, histidine, 
and arginine are essential for growth, but growth takes place 
more rapidly if cystine is' present also in the diet. Tryptophan 
is essential for life and for the maintenance of body-weight, wliile 
tyrosine is very important, probably because some of the substances 
(such as the hormones, adrenaline and thyroxine) which control 
many bodily activities are derived from it. Tyrosine may, however. 
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be absent if tryptophan or some of the other aromatic amino-acids, 
especially phenylalanine, are present It has become apparent that 
an amino-acid essential for growth is not necessarily essential for 
maintenance. Grlycine is, however, not essential as it can be easily 
synthesised by the organism. Lysine can be made by adults but not 
by the young, at least in adequate amounts for growth. A deficiency 
in arginine can be compensated for by giving extra histidine, but not 
the reverse. Similarly, cystine can be dispensed with if methionine 
is present. It is claimed that a-amino-/3-hydroxy-7i-butyric acid is 
essential (Eose). 

Many experiments have been made to try to get animals and 
moulds to take up abnormal amino-acids, but it has always been 
found that the protein of living organisms is constant in composition 
and independent of the food given. 

The supply of essential amino-acids is specially important when 
tissue has to he built up, e.g. in the young, in pregnancy, lactation, 
and in recovery from wasting disease, or following a period of 
undernourishment. 

A knowledge of amino-acids is then of the greatest importance 
in the construction of dietaries and it becomes evident that many 
articles of diet are more complete than others so far as amind-acids 
are concerned, depending on the amoimt of each they contain. 

For growth, eggs and milk are specially valuable although the 
latter is deficient in iron. For general purposes the following is the 
order of merit — eggs, milk, meat, whole wheat, potato, oats, com, 
white flour and beans. The reader should at this stage consult the 
table given earlier in relation to the constitution of proteins. 

Special Protein Metabolism . — In addition to the processes 
described above, which concern the nitrogen of the protein molecule, 
the body has certain special mechanisms to deal with any other 
elements in proteins such as sulphur or phosphorus. The method 
of excretion of the siu’plus intake of such elements is dealt with in 
the chapter on Urine. 

It is the necessity for the essential amino acids which probably 
explains why the normal animal takes in amounts of protein so 
greatl}’' in excess of what is needed to maintain its nitrogen loss 
(see below). 

Protein Storage. — There is no e'S’idence that the body stores 
protein in the sense that it may store carboh}'drates or fat to an 
almost unlimited extent. There is, however, evidence that there 
are stores of protein for special purposes, for after hiemorrhage it 
has been found that the blood proteins are rapidly made up, 
apparently from the liver, for this does not occur if the Ever is 
removed, and food does not appear to be essential. (Beattie, 1943.) 
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Starvation. 

The term “ starvation ” is used very loosely. In a scientific sense 
it may be taken to include any deficiency in the food -or water intake, 
but by convention it is understood as meaning complete deprivation 
of food, water only -being supplied. In man it is possible to study 
the subject in some detail, since lafter the first three or four days 
the desire for food disappears although the subject becomes weak. 

During starvation the body gradually loses weight; the basal 
metabolism and temperature, after a preliminary rise, fall; the 
. functions get weaker by degrees, and ultimately death ensues 
when the b^ody has lost about 50 per cent, of its original weight. 
Death may be delayed somewhat by artificial warmth, so that the 
• strain on the internal production of heat is not so great. If water 
is given, life may continue for rather more than a month. The 
age of the animal influences the time at which death occurs. 
This statement was originally made by Hippocrates, and has been 
borne out by the experiments of Martigny and Chossat. Young 
animals lose weight more quickly, and die after a smaller loss of 
weight than old. 

At first (one to three days) stores of carbohydrate, especially the 
liver, glycogen, are burnt, but this store is limited and the body uses 
it sparingly. The muscles do not lose their glycogen appreciably 
and the heart not at all. Subsequently fat becomes the chief som’ce 
of energy as is seen by the fall in the respiratory quotient almost 
to 0'7. As might be expected, the combustion of fat is incomplete 
and acid products are excreted in the urine. 

The blood sugar also falls, but later, for some unexplained reason, 
it rises again, possibly- because of the conversion of fat into carbo- 
. hydrate. It should be noted that the fat which is used is that 
of the fat depots and not the fat wliich is a part of -the structure of 
practically all cells. - _ 

The utilisation of protein is seen in the nitrogen excretion in 
the urine. ' 

The excretion of nitrogen falls quickly at the commencement of 
starvation, and even on the first day sinks to half the normal, like 
that of a subject on a low protein diet. This lessening goes on 
for a few days, after which it remains constant; about the end of 
the fourth week it rises again when the fat of -the animal has been 
used up, and the body makes an increased call on the protein 
constituents of its protoplasm — “ the premortal rise.” With the onset 
of symptoms of approaching death, which is sometimes accompanied 
by convulsions, the excretion of nitrogen rapidly falls again, probably 
owing to renal failure. 

The metabolic rate falls, but it is important to note that wasting 
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does not occur to an equal extent in all the tissues and organs. 
Those which are most essential to life are fed at the expense of 
the others ; thus the heart loses ■ httle' or none, and the central 
nervous system loses at most 3 per cent, of its weight. The fat 
nearly all disappears, at least 97 per cent, of it being used up; 
muscles lose 30 per cent, of their original weight, and most of the 
other organs suffer also but in varying degrees. Taking the total 
loss as 100, Voit gives the loss due to that of individual organs 
as follows : — 


Bone . 

. 5 ‘4 

Pancreas . 

o-i 

Brain and cord . 

0-1 

Muscle 

. 42-2 

Lungs 

. 0-3 

Skin and hair . 

8-8 

Liver. 

. 4 8 

Heart 

. 0-0 

Fat . 

26-2 

Kidneys 

. 0-6 

Testes 

. 0-1 

Blood 

3-7 

Spleen • . 

. 0-6 

Intestines . 

. 2-0 

Other parts 

5-0 


The subject of fasting is well discussed by Graham Lusk, 1921, 
and by Morgulis, 1923. 

The study of starvation is unportant, as it gives information 
regarding the so-called nitrogen eqnilibritun, or balance between 
nitrogen output and intake of the body. It is found that in 
carnivora, in order to make the nitrogen intake equal to that 
excreted, about three times the amount excreted in starvation has 
to be given, but in man nitrogen equilibrium can never be attained 
on protein alone. The more nitrogenous food given, the more is 
utilised, and the excretion always exceeds the intake. The additional 
protein is really used as fuel to supply the essential energy require- 
ments and does not prevent tissue wastage. The fuel requirements 
are actually increased by the protein itself in virtue of its specific 
dynamic action (q.v.) on metabolism. The fuel can, indeed, be more 
adequately supplied by carbohydrates and fats, wliich may be 
looked upon, therefore, as protein-sparers, and, if these ,are given, 
nitrogen equilibrium is possible in man and is more readily produced 
in carnivora than in their absence. Carbohydrates are better protein- 
sparers than fats, since they are more readily oxidised. They will 
therefore reduce tissue wastage in starvation. It is suggested that 
the protein-sparers make it possible for the products of tissue break- 
down to be used over again, and the importance of carboh}'drate in 
the diet during repair is emphasised. In emergencies a remarkable 
interconversion of the major foodstuffs can occur. (See Eapport, 
1930.) 

The Biological Value of Proteins. — When we take in protein 
we do so essentially to replace tissue wastage, and there is, therefore, 
a certain irreducible protein mininimn below which the protein 
intake cannot be reduced without affecting the nitrogenous equi- 
librium. It has been found that certain sources of protein, e.g. 
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meat, eggs and milk, have a much greater value than -others, as 
is shown by the fact that less of their protein is required to 
maintain nitrogenous equilibrium than of vegetable. These sub- 
stances are said, therefore, to have the highest biological value, 
and it will be noticed that they are of animal origin. It is probable 
that this value depends on the amino-acids which they contain; and 
the vitamins commonly associated with them. We have already 
noted that in the construction of dietaries such articles are designated 
as “first-class” proteins since they maintain young animals at a 
maximum rate of growth. 



CHAPTER XXXV 


THE LIVER 

The Liver, the largest gland in the body, is an extremely vascular 
organ, and receives its supply of blood from two sources', viz., 
from the portal vein and from the hepatic artery, while the blood 
is returned from it into the inferior vena cava by the hepatic veins. 

Liver Mid. tine 



Fio. 171. — Diagram of the liver with the gall-bladder below it. 


Its secretion, the Hie, is conveyed from it by the hepatic duct, either 
directly into the intestine, or, when digestion is not going on, into 
the cystic duet, and thence into the gall-bladder, where it accumulates 
until required. 

The -liver is in origin a tubular gland, but as development pro- 
gresses it soon loses all resemblance to the tubular glands found 
elsewhere. It is made up of small roundish or oval portions called 
lobules, each of which is about of an inch (rather more than 1 mm.) 
in diameter, and composed of the liver cells, between which the 
blood-vessels and bile-vessels ramify. The hepatic cells, which, form 
the glandular or secreting part of the liver, are of a spheroidal 
form, but are rendered polygonal from mutual pressure. Each 
possesses a nucleus, sometimes two. The cell protoplasm contains 
numerous fatty particles, as well as a variable amount of glycogen. 

602 



OH. XXXV.J 


THE LITER 


hepatic artery (HA), and hepatic duct 
(BD) run m company (fig. 172). Eunning together through the 
substance of the liver, they are contained in small channels called 
portal canals, their _ immediate investment' being a sheath of areolar 
tissue continuous with Glisson’s capsule which coats the hver. 

In its course through the liver the portal vein gives off small 
branches which divide and subdivide between the lobules surrounding 




.PV, HA 



Fio. 172.— Diagram to show the main structures of the liver. For clearness the cells and 
capillaries of the liver have been drawn undulyjarge and the smaller vessels omitted. 

(Modified from Burton-Opitz.) 

them and limiting them, and from this circumstance are called inter- 
lobular veins. Erom these' vessels a dense capillary network is 
prolonged into the substance of the lobule, and this network con- 
verges to a single small vein, occupying the centre of the lobule 
(CV in fig. 172), and hence called m^?’a-lobular. 

The mira-lobular veins discharge their contents into vems called. 
sw6-lobular ; these, by their union, form the main tributaries of the 
hepatic veins, which leave the posterior border of the liver to end 
by two or three principal trunks in the inferior vena cava, just 
before. its passage through the diaphragm. 
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The endothelial lining of the liver capillaries appears to be in 
many places incomplete, and its cells are irregularly branched and 
more or less isolated from their neighbours. They are called the 
stellate cells of Kujoffer. More detailed study and special stains 
indicate that the endothelial lining is really continuous (Berry and 
Gilding) and that the blood does not come into direct contact with 
the liver cells as once thought. 

The hepatic artery, the chief function of which is to distribute 
blood for nutrition to Glisson’s capsule, the walls of the ducts and 
blood-vessels, and other parts of the liver, is distributed in a very 
similar manner to the portal vein, its blood being returned by small 
branches which pass into the capillary plexus of the lobules which 
connects the inter- and miru-lobular veins. 

The bile-duct divides and subdivides in a maimer like the portal 
vein, the larger branches being lined by columnar, and the smaller 
by small polygonal celled epithelium. 

The bile capillaries commence between the hepatic cells; they 
are always bounded by hepatic cells on all sides, and are thus 
separated from the nearest blood-vessel by at least the breadth of 
one cell The bile capillary corresponds to the lumen of a test-tube 
composed of cells, vessels bemg on the outside. 

The m^er-cellular network of bUe capillaries may be shown 
(Chrzonszezewsky) by injecting intravenously a saturated aqueous 
solution of sulph-indigotate of soda. The animals are killed an hour 
and a half afterwards, and the blood-vessels, washed free from blood, 
are injecte’d with gelatin stained with carmine.' The bile-ducts are 
then seen filled with blue, and the blood-vessels with red material 
If the animals are killed sooner than this, the indigo pigment is found 
within the hepatic cells, thus showing that it is through their agency 
that the canals are filled. 

Pfliiger and Kupffer later discovered that the relation between the 
hepatic cells and the bUe canaHculi is even more intimate, for they 
demonstrated the existence of vacuoles in the cells communicating 
by minute m^ra-ceUular channels with the adjoining bile canahcuh. 

Intra-c.Q\bx\ax canahcuh in the hver-ceUs are not unique. Becent 
research by Golgi’s method has shown that in the salivary and 
gastric glands, and in the pancreas, there is a similar condition. 

Schafer has further demonstrated that the hver-cells contain not 
only the intracellular bile canahcuh, but also intracellular blood canali- 
cuh passing into the cells from the capillaries (sinusoids) between them. 
These are too minute to admit blood-corpuscles. The hver-ceUs take 
certain materials from the plasma and elaborate the constituents of the 
bile, the bile salts, and the bile pigments. These substances are in 
part formed by the hepatic cells, and in part are modified by the hver 
after ’ having been manufactured elsewhere, e.g. bile pigments (see 
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Blood). We thus see that in the liver, lymph does not act as an 
intermediary as it does in the formation of other secretions. 

The functions of the liver have of recent years been greatly 
elucidated by the work of Mann and Magath, who have successfully 
removed the organ in dogs by first causing to be estabhshed a 
collateral circulation through the azygos and internal mammary 
veins. Since the relation of the liver to metabolism is dealt with 
under Intermediate Metabolism, the main facts, together with the 
effects of extirpation, need only be summarisedT 

The Functions of the Liver. — The liver, as we have seen, plays 
an important part in the intermediate metabolism of carbohydrate, 
fat, and protein. 

Garholiydrate Metabolism. — The storage of glycogen and mobilisa- 
tion of glucose (pp. 480 et seq.). The conversion of fructose and galactose 
into glucose. In starvation the formation of glucose from protein. 

Eemoval of the liver causes a marked hypoglyctemia, producing 
general loss of all functions, and death ensues in two hours. If, 
however, glucose is administered the animal makes a remarkable 
recovery and survives for twenty-four hours. These results occur 
even after the glycogen of the liver has been removed by previous 
starvation, thus showing that it has been in such circumstances 
concerned in the formation of glucose probably from protein. (See 
Mann and Magath, 1927.) 

Fat Metabolism,. — The desaturation of fats prior to oxidation 
(p. 488). . ■ . . 

Protein Metabolism. — ^Deamination of amino-acids, ‘formation of 
urea and uric acid (see Protein Metabolism and Purine Metabolism). 

Bile Formation. — Eemoval of liver, like obstruction of its ducts, 
causes the accumulation of bile pigment in the blood as the pigment 
which is the product of the breakdown of red blood-corpuscles is no 
longer excreted (see The Pate of Bed Blood-Corpuscles). 

Detoxicating Function. — The liver plays an important part in 
dealing with poisonous substances, e.g. drugs,^ absorbed ^ from the 
alimentary canal. This function of the liver is dealt with at the 

end of this chapter. . _ • r 

Blood Formation. — The liver is concerned with the formation of 
both the plasma and corpuscles of the blood. It apparently acts 
as a storehouse of the blood-forming factor which is formed from 
the interaction of intrinsic factor of the gastric juice and the food. 
Extracts of liver are therefore extensively used in the treatment 
of pernicious ansemia in which the formation of red blood-corpuscles 
is defective. The liver stores the iron from effete corpuscles. 

The liver also forms fibrinogen, the clotting protein of the blood, 
and acts as a storehouse of it which can be called upon in 
hsemorrhage. Eor this function vitamin K is necessary. 
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Heparin, the substance whieh in minute amounts will prevent 
the blood from clotting may, as its name suggests, be extracted from 
the liver. It is apparently produced by the mast-cells of the 
connective tissue. 

Admittedly it is a little difficult, even allowing for diversity of 
cells, to see how the liver can perform so many different functions, 
and it seems probable that it may act in some fundamental way 
in relation to several processes. It has been shown, too, by the 
injection of dyes, that the various streams of blood do not necessarily 
mix in the liver. The blood from the spleen, for example, goes 
to the middle lobe. 

Bile. 

Bile is secreted by the liver, stored in the gall-bladder and is 
poured into the duodenum. It may be collected from the bile-duct 
or in man by means of a tube which is swallowed into the stomach 
and which passes into the duodenum if the subject lies on his right 
side. Under suitable conditions (see below) the bile drips out freely. 
It is stated that 500 to 1000 c.c. may be excreted daily. 

Bile is being continuously poured into the intestine, but there is 
an increased discharge from time to time (see below). 

The Constituents of the Bile are the bile 'salts proper (tauro- 
cholate and glycocholate of sodium), the bile pigments (bilirubin, 
biliverdin), a mucinoid substance, small quantities of fats, soaps, 
cholesterol, lecithin, and mineral salts, of wliich the carbonates 
and phosphates of calcium are the most important. 

Bile is a yellowish, reddish-brown, or green fluid, according to 
the relative preponderance of its twm chief pigments. It has a 
musk-like odour, a bitter-sweet taste, and an alkaline reaction. 

The specific gravity of human bile from the gall-bladder is 1026 
to 1032 ; that from the duct, 1010 to 1011. The solids increase from 
2'0 to 11 per cent, from absorption of water and addition of mucus. 

The Bile Salts. — The human bile contains the sodium salts of 
complex amino-acids called the bile acids. The one, glycochoUc acid 
(CggH^gHOg), is derived from the amino-acid glycine and cholic 
acid, • whose origin is uncertain (it is thought to be derived from 
cholesterol or to have a. similar origin) ; the other, iaurocJiolic acid 
( 02 gH 45 hr 07 S), is derived from cholic acid and taurine, a sulphur- 
containing amino-acid formed from cystine. The bile acids are 
hydrolysed by dilute acids and alkalies into their components. The 
constitution of the bile of different animals varies considerably. 
In human bile several cholic acids which are hydroxj^ derivatives of 
cholanic acid are found. Of these desoxycholic acid is most important 
as it forms choleic acids with many substances especially fatty acids, 
sterols and phenols which are soluble and diffusible in acid solution. 
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Otherwise these substances would be insoluble -in acid. In man 
glycocbolic acid predominates.^ Chemically the bile acids are very 
closely related to and have a similar structure to cholesterol High 
protein diet or administration of cholic acid increases the excretion 
of bile salts, while fasting or the ingestion of sugar lowers it. 

The colour reaction called Pettenkofer’s reaction is due to the 
presence of cholic acid. Small quantities of sucrose and strong 
sulphuric acid are added to the bile. The sulphuric acid acting on 
sugar forms a small quantity of a substance called in 
addition to other products. The furfuraldehyde gives a brilliant 
purple colour with cholic acid. 

The Bile Pigments. — These are iron-free derivatives of haemo- 
globin; the body retains the iron for other uses. The two chief 
bile pigments are bilirubin and biliverdin. Bile which contains 
chiefly the former (such as dog’s bile) is of a golden or orange- 
yellow colour, while the bile of many herbivora, which contains 
cliiefly biliverdin, is either green or bluish-green. 

Bilinibin has the formula CggHggN^Og: it is thus an iron-free 
derivative of haemoglobin. The iron is apparently stored up in the 
liver-cells, perhaps for future use in the manufacture of new haemo- 
globin. Bile contains only a trace of iron ; bilirubin is isomeric with 
haematoporphyrin. 

Biliverdin (OggHgglSr^Og) may occur, as such ia bile; it may 
be formed by simply exposing red bile to the oxidising action of 
the atmosphere; or it may be formed as in Gmelin’s test (see 
Urine) by the more vigorous oxidation produced by fuming nitric acid. 

EydroUliruUn (C32H4^]Sr407). — If a solution of bilirubin or" 
biliverdin in dilute alkah is treated .with sodium amalgam or 
allowed to putrefy, a brownish pigment, which is a reduction 
product, is formed called hydrobilirubin. It shows a dark absorption 
band between & and B, and a fainter band in the region of the D line. 

This substance is interesting because a similar substance is formed 
from the bile pigment by reduction processes in the intestine, and 
constitutes stercobilin, the pigment of the fseces. Some of this is 
absorbed and ultimately leaves thejoody hi the urine as one of its 
pigments called urobilin. A small quantity of urobilin is sometimes 
found preformed in the bile. 

The Origin of Bile Pigment. — We have seen (p. 361) that 
the bile pigments are formed from residues of broken-down ^ red 
blood-corpuscles, by the reticulo-endothelial system. The bilirubin is 
modified by the liver, as is indicated by the van den Bergh reaction. 

The test solutions are — 


{A) Sulphanilic Acid 
HCl (cone.) 
Distilled Water 
(jB) Sodium Nitrite 


1 gram 
15 c.c. 

1000 c.c. 

0 '5 per cent, solution 
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Immediately before use A and B are mixed in tbe proportion of 
100 to 3 respectively. 

' If added to bile tbe direct reaction (bluish-violet) is obtained, 
but if to normal blood serum no colour appears until 96 per cent, 
alcohol has been added, ie. the indirect reaction (violet-red). The 
modification, which is obscure, is due to the liver, but the reaction 
has been of great value in detecting and estimating the presence 
and amount of modified and unmodified bile pigment in the blood. 
In simple obstruction of the bile passages the pigment which has 
been' modified passes back into the blood-stream the serum of 
which then gives the direct reaction. .The presence of an excessive 
amount of bile pigment in the blood causes the mucous membranes, 
the white of the eye, and the skin to appear yellow. This is known as 
Jaundice. Its depth is measured by the Icterus Index — see p. 511. 

Oholesterol. — Small quantities of this substance are excreted in 
normal bile. Gall-stones commonly consist of precipitated cholesterol, 
to which may be added bile pigments and calcium carbonate. 

The Secretion of Bile. — This takes place during the day, rather 
than during the night when glycogen is being stored. The cells 
concerned are the more central cells of the lobule, but, as shown 
histologically, the other ceUs become active if more bile is needed.' 
The bile is secreted at a much lower pressure than are the 
secretions of the salivary glands, but this is to be expected from 
the fact that in the latter case the pressure of the blood in the main 
vessel supplying the gland is arterial and not venous. Like other 
secretions, however, it is produced at a pressure higher than the 
blood supply. 

The nervous mechanism is unknown, but it appears that bile is 
secreted under the influence of the action of secretin, which thus 
stimulates the liver as well as the pancreas, and through the action 
of the bile salts which are themselves reabsorbed from the intestine. 

Schiff was the first to demonstrate this circulation of the bile, 
which relates chiefly, if not entirely, to the bile salts ; by causing bile 
to be added to the diet of animals or led back to the duodenum from a 
fistula, the percentage of solids in the bile excreted is at once raised. 
The secretion of bile is increased by a variet}’’ of substances other 
than bile salts; of these the most important are tissue extracts 
generally. Meat increases the taurocholic acid and fat the . 
cholesterol. 

This circulation of the bile maybe lost if the bile duct is brought 
to the surface for drainage purposes. Patients so treated and 
experimental animals slowly become very anremic from the loss 
of the blood-forming factor ; indeed it was tliis fact which led to the 
discovery that the Kver contained such a factor (see Origin of Bed 
Blood-Corpuscles). 
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The Storage and Excretion of Bile.— Bile is secreted particu- 
larly during the digestion of food, hut when the stomach is empty 
it accumulates ih_ the gall-bladder. During its stay in the gall- 
bladder the bile is concentrated and has mucus added to it (see 
Constituents of Bile). In starvation the bile-pressure may reach 
300 mm. (of bile). This it does in virtue of the pressure at 
which it is secreted and because the sphincter, at the opening of 
the common bile-duct into the duodenum, is closed while the 
gall-bladder is relaxed. The resistance of the sphincter is therefore 
considerable (McMaster and Elman). 

This sphincter, which is commonly called the sphincter of Oddi, has been variously 
described, but the work of Kirk and Gordon Taylor shows that in man it is not 
a circle of muscular fibres at the opening as its name suggests. Rather it is 
composed of fibres running longitudinally or obliquely wliich are prolonged into 
the villous processes with which the terminal segment of the duct abound. The 
structure suggests that the opening is closed by a retraction of the papilla and an 
erection or pulling up of the villous processes, the whole arrangement being 
strengthened by the oblique passage of the duct through the duodenal wall. 

When food passes through the pylorus the peristaltic waves 
pass over the duodenum, the sphincter at the opening of the bile- 
, duct relaxes, and the gall-bladder and large ducts contract, driving 
out the accumulated bile. This mechanism appears to be under the 
antagonistic influences of the vagus and sympathetic, the former 
being motor. In cases of obstruction of the bile-duct by a gall-stone, 
excessive action of the plain muscle of these parts attempting to 
drive down the stone causes the intense pain of biliary colic from 
stretching the wall of the duct. 

It is apparently the products of fat digestion which are concerned 
in this mechanism, as contraction is not' complete until some time 
after the food enters the duodenum. 

Ivy and his co-workers have discovered in the wall of the 
duodenum a substance like secretin which may be extracted and 
which brings about contraction of the .gall-bladder if injected into 
the blood. This substance they call cholecystokinin. 

Most purgatives, e.ff. calomel and magnesiumBulphate, /stimulate 
the bile-expelhng mechanism, and consequeUtly the feces becomes 
dark from the presence of bile pigment less altered than stercobilin. 
When it is desired to obtain samples of bile through the duodenal 
tube, a meal of cream and egg-yolk is given to cause the gall-bladder 
to contract. Evidence seems to favour the view that this rapid 
evacuation is due to a rapid rise in the pressure in the gall-bladder 
from a contraction initiated by cholecystokinin and reflex' stimuli 
from the gut. At the same time as the gall-bladder contracts 
the sphincter of Liitkens at its neck relaxes. The fact that the 
blood of a subject fed on egg-yolk causes the gall-bladder oi 
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another to contract suggests that the egg causes the production of 
cholecystokinin. Meat and peptones cause excretion. 

The patene}'’of the bile passages may be studied hymeans of X-rays. 

, A dye, sodium tetra-iodophenolphthalein, opaque to. X-rays, is 
eliminated in the bile after intravenous injection, and its excretion 
may he hastened by gi^dng the patient a quantity of cream and 
egg-yolk. The X-ray shadow of the gall-bladder becomes more and 
more dense for some time after the period of maximum excretion of 
the dye, because of concentration of the opaque dye in the stored 
bile. Moreover, there is e\ddence that the gall-bladder absorbs some 
of the lipides of bile ; this organ may therefore be of importance in 
regulating the amount of cholesterol leaving the body via the bile. 
The physiology of the gall-bladder is well discussed by Mann, 1924, 
and by Ivy, 1934. 

The Functions of Bile — ^Bile is alkaline; it therefore assists 
the pancreatic juice in neutralising the ch}'me that leaves the 
stomach. It assists the absorption of fats. It is also a solvent of 
fatty acids, of the fat-soluble vitamins or their precursors, e.g. carotene 
and ergosterol, and of cholesterol. The latter may be precipitated 
- from solution by the products of bacterial growth and this gives 
rise to the formation of gall-stones. 

Bile stimulates peristalsis in the large intestine and is used 
extensively for. this purpose in enemata, especially after operations. 
The use of bile as a purgative was known to the ancient Egj'ptians. 

When the bile meets the ch}Tne the turhidit}' of the latter is 
increased owing to the precipitation of unpeptonised protein. This 
is an action due to the bile salts, and it has been surmised that 
this conversion of the chyme into a more viscid mass serves to 
hinder its progress through the intestines ; it clings to the intestinal 
wall, thus allowing further digestion and absorption to take place. 

It precipitates also pepsin and neutrahses the hj^drochloric acid 
of the stomach by regurgitating into the latter when it is empty. 

BUe is readily putrescible but may diminish putrescence in the 
intestine by increasing absorption and lessenmg the amount of 
putrescible matter in the bowel. 

Bile, as we have seen, acts as a stimulant to its own secretion. 

Bile is also a means of excretion of cholesterol, iron, copper and 
calcium. Many drugs are also excret-ed in the bile, c.g. phenol. 

Bile salts facilitate the absorption of vitamin K. 


Removal of the Gall-Bladder. 

The gall-bladder is liable to become the seat of chronic infection 
and very commonly gall-stones are precipitated. Bemoval of the 
organ is commonly practised with apparently no detriment (indeed 
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usually with benefit) to the patient. Some^ consider that the hile- 
ducts dilate to acconnnodate the bile, others consider that there 
is a continuous excretion of bile. The latter seems unlikely in view 
of the resistance of the sphincter. Some animals wliich secrete a 
more concentrated bile have no gall-bladder, e.g. the mouse and horse. 

Tests for Liver Function. 

Since, as we have seen, the liver converts Isevulose into glucose, 
advantage is taken of this fact in determining liver function. If 
100 grams of Itevulose is taken none should appear in the urine, but 
this occurs if the liver is functionally upset by disease or large 
quantities of alcohol. The power of the liver to convert benzoic 
into hippuric acid (see below) may also be used as a test. 

Icterus Index. 

-ae.- • - 

This is a convenient method of estimating the amount of bile in 
the blood. The colour of the plasma or serum is compared in 
a colorimeter with a standard 1-10,000 solution of potassium 
bichromate in distilled water. The colorimeter is set at 3 5 and 
15 

:=r — — X dilution of serum gives the index. 

Beading 

Detoxication in the Body. 

Troni time to time poisonous substances are taken into the 
alimentary canal, intentionally or otherwise, and are absorbed into, 
the blood-stream. Many common drugs are of this nature aiid 
would poison the subject if taken in sufficient amounts. In addition, 
toxic substances are produced especially in the alimentary canal 
as the result of bacterial action. The body gets rid of such 
substances in its excretions by the lungs (in the case of poisonous 
gases), by the intestine, and especially by the kidney. The substances 
may lie excreted in an unchanged form, but more commonly they 
are changed in a variety of ways so as to render them harmless. - 

Oxidation. — Sometimes the oxidation is complete, as in the 
case of alcohol and other aliphatic compounds, but this cannot 
be completely done in the case of the aromatic compounds. Some 
of these are partly oxidised to benzoic or to phenylacetic acids. 
Indole, the product of putrefaction in the intestine, is oxidised to 
indoxyl and conjugation (see below) follows.. In some cases the 
oxidation is the work of special enzymes such as those for the . 
destruction of acetylchohne and adrenaline. 

Reduction. — Typically this occurs when aromatic nitro-“ 
compounds are reduced to amino-compounds; thus picric acid. 
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C6H2(N02)30B[, is converted into picramic acid, GgH2(N02)2(NH2)0H. 
The drug chloral, CCI3 . CHO, is reduced to COI3 . CHgOH before 
being conjugated with glucuronic acid (see below). 

Conjugation is brought about by several methods of which those 
by glycine, by glucuronic acid, and by sulphuric acid are the most 
important. 

Detoxication by Glycine occurs in the case of many aromatic 
acids. This is seen typically when benzoic acid is converted into 
hippuric acid and is so common that hippuric acid is considered 
a normal constituent of the urine. Grlycine for this purpose 
apparently may be made in the body, for if the diet is deficient 
in this respect the urea is reduced. 

Detoxication by Glucuronic Acid is of special importance 
since the CHO — group of the glueuronates reduces copper salts and 
may be mistaken for sugar in the urine. The glucuronic acid 
probably originates from glucose but the process is not clear. Its 
salts are distinguished from glucose by their being Ijevorotatbiy 
and not being fermented by yeast. Its formula indicates that 
it is glucose with the end-chain (GH3OH) -oxidised to COOH. 
It is 

H 

H H O H H 

C— C— C— C— C— C 
O O H O O O 

H H H O 

H 

The glucuronate content of the lu’ine is increased by several 
common drugs such as choral, chloroform, salicylates, camphor, 
morphine, antipyrine, phenacetin, turpentine, and saccharin. 

Detoxication by Sulphuric Acid. — ^The formation of sulphuric 
esters or ethereal sulphates occurs in the detoxication of phenols 
absorbed from the large intestine (see p. 536 ). Indole which is 
also absorbed there is, as we have said, first oxidised to indoxyl 
and then converted into the ethereal sulphate indican which appears 
in the urine and is convertible into indigo blue. It is a measure 
of intestinal putrefaction. The reactions which occur are , 


Indole 


Indoxyl 


H 


^ , 


X/\n/ 

H 


Indican. 

OH 


-O . SO„ . OH 


H 


, Normal urine contains traces of such phenol compounds derived 
from the intestine. 
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Detoxication by Acetic Acid; — ^Amino-compoimds such as 
^-amino-benzoic acid are detoxicated in this way. 

Detoxication by' G-lutamine appears to he peculiar to man. 
and the chimpanzee, man’s nearest relative amongst the apes. It 
occurs in the detoxication of phenylacetic acid, but apparently not 
in that of its compounds. 

Detoxication by Fixation. — In some cases the liver and other 
tissues appear to have the power of fixing substances in their tissues 
in an inert form. This occurs in the' case of arsenic. 

At present we know comparatively little about detoxication 
processes, but it is probable that most take place in the liver, and 
that they are of greater importance in relation to the resistance 
to infection than is generally supposed. It has been shown, for 
example, that ^'-amino-benzoic acid is required by the virulent 
organism the streptococcus and that the important sulphoiiamide 
drugs may act by making this substance less available to the 
bacteria. 
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THE UEINAHY APPARATUS 

The urinary apparatus consists of the kidneys, from each of which 
a tube called the ureter leads to the bladder, where the urine is 
temporarily stored ; from the bladder a duct called the urethra leads 
to the exterior. 

The kidneys are composed of a vast number of minute tubules 
the structure of which varies in its different parts, a fact which has 
an important hearing on its function in relation to the production 
of urine. Students who have not dissected the kidney should do 
so at this stage. Those sold for food are quite suitable for the 
purpose. 

Each tubule begins in the cortex or outer zone of the organ as 
a dilatation, the capsule of Boxoman* ; this encloses a tuft or 
glomerulus of capillaries, called a Malpighian corpuscle. The tubule 
leaves the capsule by a neck, and then becomes convoluted {first 
convoluted tuhule), but soon after becomes nearly straight or slightly 
spiral {spiral tuhule) then rapidly narrowing, it passes down into 
the medulla as the descendixig txcbxdc of Henle ; this turns round, 
forming a loop {loop of Henle), and passes up to the cortex again 
as the ascending tuhule of Henle. It then becomes larger and 
irregularly zigzag {zigzag tuhule) and again convoluted {second 
convoluted txihule). Eventually it narrows into a jxixictional tuhxde, 
which joins a straight or collecting txihxdc. This passes straight 
through the medulla, where it joins wdth others to form one of the 
ducts of Bellini that open at the apex of a pyramid into the pelvis 
of the kidney where the ureter commences. These parts are all 
shown in fig. 173. 

In the capsxde, the epithelium is reflected over the glomerulus. 
It is flattened like that lining a lymph space. 

In the neck, the epithelium is still flattened, but in some 
animals, such as frogs, where the neck is longer, the epithelium is 
ciliated. 

In the first convohdcd and sjnral tubules, it is thick, and the cells 
show a striated structure, except around the nucleus, where the 
protoplasm is granular. The cells interlock laterally and are difficult 

* In his original paper Bowman sa3's that this capsule was first described bj* 
Muller who did not then recognise its exact connections with tlie tubides. 
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fco isolate. In the narrow descending ttibule of Eenle and in the 
loop itself, the cells are clear and flattened and surround considerable 
lumen; in the ascending linib they again become cuboidal striated 



Fio. ITS.— Diagram to indicate tiie general arrangement of tire kidney. MO, MalpigUan corpuscle ; 
1C first convoluted tubule; 20, second convoluted tubule ; DLand AL, descending and ascending 
limbs of the loop of Henle ; CT, collecting tubule ; DB, duct of Bellini ; A, artery ; EV, eflerent 
vessel ; V, vein. (After Gray.) 

and nearly fill the tubule. In the zigzag and second convoluted 
tubules the fibrillations become even more marked. The junctional 
tubule has a large lumen, and is lined by clear flattened cells 
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the collecting tuhules and ducts of Bellini are lined by clear cubical- 
or columnar cells. 

The extent of the zone of clear cells in the loop of Henle varies 
a good deal in different animals. 

The glomerulus with its tubule is known as a nephron, and it is 
calculated that there are a million such units in a kidney. Each 
-nephron is 30-38 mm. in length. 

The anatomical details of the vessels need not concern us 
here, but 'the important fact in relation to the function of the 
organ is that, the arteries supply first the glomeruli and then the 
tubules (see fig. 174), which means that there are two sets of 
capillaries in the series and the blood-pressure in the second must 
obviously be much lower than that in the first. For convenience 
the vessels between the glomeruli and the tubules are known, not 
as veins, but as the efferent vessels of the glomeruli. The detailed 
structure of the tubule is given by Huber, 1909, and in different 
animals by Homer Smith. 

The Function of the Kidney. 

The function of the kidney is to separate the urinary con- 
stituents from the blood, and by this means the blood is 
maintained of constant composition. It is chiefly concerned with 
the excretion of water, chlorides, sulphates, and the products of 
protein metabolism. In these functions the kidneys co-operate with 
the skin. They also co-operate with the lungs in maintaining the 
normal acid-base equilibrium of the blood by varying the amount 
of carbon dioxide excreted. These inter-relationships are considered 
later. 

We may sum up the process of urinary secretion as follows: — 
One fluid, the arterial blood,- enters the Iddney; two fluids, the 
venous blood and the urine, leave it. Both of these fluids are 
different in composition from the arterial blood. The following 
table gives the approximate values of the principal constituents 
in the plasma of the arterial hlood, and in the urine. It must, 
however, be clearly understood that the various constituents may 
vary from time to time according to circumstances. 


Total solids 


Arterial Blood-plasma. 

10 per cent 

’ 4 

Proteins 


7'6 to 9 „ „ 

0 

Chloride 


0 8*7 ,, ,, 

0-6 

Urea . 


0 OS ,, 

2-0 

Sugar . 


0*10 ,, ,, 

0 

Uric acid 


0-003 „ „ 

0-05 

Hippuric acid 


0 „ 

0-07 

Creatinine . 


0-001 „ „ 

0-1 

Ammonium salts . 

. 

0-001 „ „ 

0-04 


Urine, 
per cent 
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How exactly the urine is separated from the "blood and con- 
centrated has been a subject of study and debate over a long period 
of years, but it is slowly becoming evident that although the kidney 
acts as a whole, its different parts act differently as their histological 
structure suggests. Thus it may he considered .that the flattened 
epithelial cells of the glomeruli and possibly of the descending 
loops allow the passage of fluid by simple physical processes which 
are affected solely by the blood-pressure in the blood capillaries 
supplying them and the osmotic pressure of the blood constituents.. 
A variation in this activity does not involve any alteration of the 
oxygen usage of the organ. The thicker cells of the majority of the 
tubules may be considered to have a more vital function, an increase 
in which requires the use of more oxygen. 

A glance at the above table shows that while the urine as a 
whole is more dilute than the blood, certain constituents are present 
in greater concentration than they are in the blood. Moreover, 
it is evident that some substances have- been concentrated to a 
greater extent than others. Gf. Creatinine and Urea. 

It is convenient to consider the functions of the glomeruli and 
tubules separately. 

The Function of the Glomeruli. 

In the case of the glomeruli, the evidence is very complete that 
they act as filters. 

1. It has been found possible to pass 'under a microscope a 
cannula directly into the glomerular capsule (Eichards and Wearn) 
and the fluid withdrawn has been found to he of the same 
composition as blood minus , the non-filterable protein. 

In a similar way the pressure necessary to stop the flow through 
the glomerular capillaries has been found. This is about 200 mm. 
water, and since the colloidal osmotic pressure of the blood is 
100 it may be considered that a sufficient head of pressure is 
available. 

2. An y increase of the osmotic pressure of the blood such as 
occurs in severe sweating tends to reduce the urine produced and 
any reduction by dilution such as occurs after drinking- causes 
an increase of urine. 

3. It has also been found by experiment that cooling the kidney 
or the administration of cyanides which reduce its vital functions 
tends to cause the organ to produce a urine which might be con- 
sidered a simple ultra-filtrate of serum, the chloride content 
being higher and the creatinine content being lower than in 
normal urine. More urine is produced. The cooled kidney becomes 
a simple physical mechanism. 
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4. As might he expected, too, a rise of general arterial pressure 
increases the flow of urine provided the procedure causing the 
rise does not constrict the vessels of the kidney. This is seen in 
the accompanying table ; — 


Procedure. 

General blood- 
pressure. 

Eenal vessels. 

Kidney volume. 

Urinary floiv. 

Division of spinal cord in 
neck 

Falls to 

40 mm. 

Relaxed 

Shrinks 

Ceases 

Stimulation of cord . 

Rises 

Constricted 

Shrinks 

Diminished 

Stimulation of cord after 
section of renal nerves 

Rises 

Passively- 

dilated 

Swells 

Increased 

Stimulation of renal 

nerves 

Unaffected 

Constricted 

Shrinks 

Diminished 

Stimulation of splanchnic 
nerve 

Rises 

Constricted 

Shrinks 

Diminished 

Injection of normal saline 

Rises 

Dilated 

Swells 

Increased 

Hmmorrhage . 

Falls 

Constricted 

Shrinks 

Diminished 


These results have been obtained also by Eichards and Plant, 
who have shown that they are independent of the blood-flow. 
Similarly, increasing the pressure in the tubules by obstructing 
the out-flow of urine in a denervatcd kidney causes the production 
of urine similar in amount and quality to that produced after 
lowering the arterial pressure (Winton). 

The amount, however, of urine does not depend wholly on the height 
of the blood-pressure ; and one very striking fact in tliis relation may 
be mentioned now — namely, that if the blood-pressure is increased 
without allowing the blood to flow, the amount of urine formed is 
not increased; this can be done by ligaturing the renal vein; the 
blood-pressure within the kidney then rises enormously, but the flow 
• of urine stops. 

It has also been shown that substances may pass through the 
glomerular membrane in accordance with the size of their molecules, 
as would occur in the case of purely ph}'’sieal membrane. Protein 
and haemoglobin are not normally excreted, but may appear if the 
glomerular epithelium becomes damaged by inflammatory states; 

The formation of urine in the glomeruli is then almost identical 
with the production of tissue fluid and lymph but with the added 
activity of the tubules. 
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The Function of the Tubules. 

Selective Reabsorption. — Since the kidney has two sets of 
capillaries in series, it is evident that the hlood-pressure in the 
capillaries of the tubules must be less than in those of the glomeruli 
and that the effect of the osmotic pressure of the blood will be 
relatively greater in the tubules. The idea that the reahsorption 
of water might take place in the tubules had this anatomical basis 
and was put forward by Ludwig to account for the concentration 
of the urine. 

The development of accurate chemical analysis of blood and 
urine showed, however, that the various substances which might he 
filtered pff in the glomeruli must be absorbed to different extents, 
for it was found that they were not all concentrated to the same 
extent and that only some were finally excreted. Cushny and 
subsequently Eichards and also Winton have put forward evidence 
of a selective reahsorption which depends on a vital activity of the 
cells of the tubules and wliich involves the use of oxygen. The 
substances which have fixed a concentration or threshold in the blood,' 
such as sugar and chlorides and which are reabsorbed, are considered 
to be threshold substances and others which are fully excreted are 
non-threshold substances. (See Winton, 1937.) 

The , examination of minute specimens withdrawn directly from 
different parts of the tubules indicates that glucose is reabsorbed 
in the proximal part’ of the tubule and that water and chloride are 
reabsorbed chiefly in the distal part (White and Schmidt). 

There is indeed some similarity between tubular and intestinal 
activity. Filtration and reabsorption are also recognised as occurring 
together in the case of the lymph. In early days there was some 
debate as to whether there was time for the urine to be concentrated 
in its passage down the tubules, but the number of tubules is so 
large that the amount necessarily absorbed by a tubule of 3 cms. 
in length need only be 1'4 mg. of water per day. Moreover, it has 
been found by direct tubular sampling that inulin when injected 
into the blood is excreted solely by the glomeruh and not reabsorbed, 
yet it is concentrated more than 100 times. This is adequate to 
account for the concentration of all other substances in the urine 
with the exception of those formed by the kidney (ammonia and 
hippuric acid). (See Eichards, 1929). 

Excretion. — The apparent failure of filtration and reahsorption 
to explain the concentration of the urine from a simple blood filtrate' 
led originally to the ■view that certain substances such as urea and 
creatinine were “ secreted ” into the urine l^Bowman). ■ 

That the tubules can act as purely excreting organs is seen in certain 
fishes in which glomeruli are absent yet normal urine is produced. 
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•It has been found, too, that a hidney which is^ cooled, or which 
has been poisoned with cyanide which reduces oxidation processes, 
excretes less urea and sulphates, while there is an increase^ of 
chlorides and of water. This suggests that the vital mechanism 

THE NEPHRON 



Fia. 174.— Diagram of tlie nephron of a mammal showing its chief features. The sizes of its various 
parts are necessarily out of proportion. For the size of glomerulus given the tubule should be 
several feat long. 


for excretion of urea and sulphate and for absorption becomes 
impaired (Starling and Verney). j\Ioreover, if the production of 
urine is prevented by raising the pressure in the ureters the injection 
of urea causes the production to recommence, a fact which is very 
difficult to explain by filtration and reabsorption. 

Marshall also has found that the excretion of phenol-red in 
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dogs is much greater than can he obtained by the filtration of a 
solution of this substance in plasma through a collodion membrane 
having similar permeability to that of a glomerulus. 

It is evident that the kidney can elaborate new substances such 
as hippuric acid from glycine and benzoic acid when the latter is 
administered. It .can also form ammonium salts by breaking down 
urea when necessary to neutralise acids which may be added to the 
blood. In similar circumstances it forms acid sodium phosphate 
from organic phosphate and' excretes a larger proportion than 
normally, and this function has by specimens taken direct from 
the tubules been located to a small region of the distal tubule. 

This latter finding emphasises the speciahsed activity of certain 
of the tubules as their histological structure suggests and that it 
is quite reasonable to assume, as suggested by Bowman, that some 
cells of the tubules excrete or secrete and that others are more 
concerned with reabsorption. This is supported by the ■ findings 
in disease in which it is found that the kidney’s power to concentrate 
different substances may be appreciably impaired. 

The various facts in regard to the composition of the urine are 
conveniently summarised in the above diagram of a single kidney 
unit, the neplmon. 

The comparative physiology of the kidney, which throws much 
light on its function, is well discussed by Marshall, 1934. 

Extirpation of the Kidneys. 

^Extirpation of one kidney for tuberculosis, etc., is a common 
operation. It is not followed by any untoward result. The 
remaining kidney, if healthy, enlarges and does the work previously 
shared between the two. In dogs as, much as a kidney and a half 
have been removed without any diminution of excretion. 

Extirpation of loth kidneys is fatal ; the urea, etc., accumulate in 
the blood, and the animal dies in a few days ; uraemic convulsions 
do not usually occur in such experiments. 

Ligature of both, renal arteries leads to the same result as 
extirpation. Partial compression of the renal arteries leads to the 
liberation into the blood of a substance renin which raises the 
blood-pressure. This probably accounts for the high blood-pressure 
in kidney disease. 

The Control of Renal Secretion. 

The Renal Nerves. — The renal plexus gets vasoconstrictor 
fibres from the 'sympathetic and dilator fibres probably from the 
vagus, but we do not know of true secretory nerves. Fibres from 
the anterior roots of the eleventh, twelfth, and thirteenth thoracic 
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nerves (in the dog) pass into this plexus. They are both vaso- 
constrictor and vasodilator in function. The nerve-cells on the course 
of the constrictor fibres are situated in the coeliac, mesenteric, and 
renal ganglia ; the nerve-cells on the course of the dilator fibres are 
placed in the coeliac plexus and renal ganglia. The vagus also sends 
branches to the renal plexus (Cunningham). We have, at present, no 
knowledge of true secretory nerves to the kidney. The nerves just 
described affect the blood-vessels (Eose Bradford, Burton-Opitz) 
and the number of glomeruli in use,- and • also exert trophic 
(nourishing) functions. 

The diuresis produced by the ingestion of a given amount of 
water is reduced by exercise (Pembrey) and sensory stimulation, 
but both have now been shown to occur in denervated as well as 
normal kidneys (Winton). There must be reciprocal control of the 
excretions of fluid by the skin and by the kidney, for the more we 
sweat the less urine is produced (see Water Balance); but this 
probably depends on the concentration of the blood. 

In conclusion it may be stated in the light of present knowledge 
that the amount of urine f»roduced depends on the caj^illary 
pressure in the glomerulus, the number of active glomeruli, and the 
composition of the blood. 

The Antidiuretic Hormone of the Pitmtary. — When the 
posterior lobe of the pituitary body, or that part of the hypotlialamus 
which controls it, is damaged by disease or experimentally diabetes 
insipidus, there results a condition characterised by the production 
of large quantities of a dilute sugar-free urine and consequently great 
thirst. The condition is relieved by the administration of post- 
pituitary extract. Yerney and his co-workers have demonstrated that 
when the blood is concentrated the pituitary secretes an anti-diuretic 
hormone. If the anterior lobe of the pituitary is removed as well 
diabetes insipidus does not result. 


The Effect of Diet oh Kidney Volume. 

It has ijeen found possible to study the volume of the kidney 
by exteriorising it outside the abdominal wall with all its essential 
connections intact (Allen and Cope, 1942) and it has been observed 
that the kidney increases considerably in size if the animal is given 
a high salt or a high protein diet. Prolongation of the latter led, 
however, to a true hypertrophy of kidney tissue, but the effect 
of a high salt diet and the increased blood-pressure which 
accompanied it passed off when a normal diet was resumed. These 
facts are important as they ^indicate how the kidney ma}' respond 
to pathological states. 

There occur also daily and even hourl}' variations in size of 
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the kidney during normal activity. These changes appear to he 
due to varying amounts of blood in the kidney and the use of 
varying numbers of nephrons. 


Renal Efficiency. 

The efficiency of the kidney may be judged conveniently by its 
power to eliminate urea. Two tests have been based on tliis 
function. 

Urea Concentration Test (Maclean and de Wesselow). — From 
a study of the table on p. 516 it is evident that the kidney has the 
power of concentrating urea. This power is the basis of a useful 
test of kidney efficiency. After the administration of 15 grammes 
of urea in lOG c.c. of water, specimens of urine are taken one 
and two hours afterwards ; the second specimen will contain above 
2 per cent, urea if the Mdneys are acting normally. The factor 
obtained by dividiug the concentration of urea in the urine by that 
in the blood is also an indication of the urea-concentrating power 
of the kidney, but the test takes longer. In severe kidney disease 
the figure, instead of being 90, may be reduced to 10. 

The Urea Clearance Test (Van Slyke). — This test is based on the 
fact that the amount of urea excreted per day mu^t be independent 
of the amount of urine passed, otherwise urea would accumulate 
in the body. On a given diet, therefore, the concentration of urea 
in the urine must vary with the dilution or the concentration of 
urine, that is, urea (U) multiplied by amount of urine (V) must 
be constant. But these factors must depend on the concentration 
of urea in the blood and the amount of blood which is theoretically 
cleared of urea (C) in passing through the kidney, ie. TJxY = BxO 
where B = blood urea. 

If, therefore, we know the concentration of urea in the blood (B) 
we know the amount of blood which must have been cleared- of 

UY 

urea (C) theoretically in a given time, %. 6 . — . 


Thus with a blood urea of 0'03 per cent., a urine urea of 2 per 
cent, and a urine flow of 2 c.c. per minute, the amount of blood 
cleared of urea will be 133 c.c. Actually if the urine flow falls 
below 2 c.c. per minute, it has been found experimentally that 
the urine concentration, varies as^the square root of the volume 

and the clearance is therefore 

In carrying out the test the bladder is emptied, a pint of water 
is taken and samples examined of urine passed 1^- hours later. 

Eenal efficiency may also be judged by the power of the organ to 
excrete dyes. These tests give a more accurate indication of the 
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:enal efl&ciency than the blood urea which does not accumulate 
mtil almost three-CLuarters of the renal tissue have been destroyed 
Dy disease, since the slightest accumulation merely acts as a diuretic 
;o the remainrug healthy parts. It appears that the power of the 
ddney to eliminate urea runs parallel with its capability of excreting 
lyes such as indigo-carmine and phenolsulphonephthalein. The dye 
s injected intravenously and 70 per cent, is normally excreted in 
;wo hours. 

Since anaesthesia may cause slight renal impairment to become 
jerious, it is often important to perform such tests prior to an 
operation. Such tests are also carried out when .attempts are being 
nade to determine how far kidney disease has progressed, and what 
3he future of the patient may be. Whenever possible the urea 
3learance test is to be preferred, but the specific gravity test 
s commonly sufficient (see p. 529). 

Micturition. 

As each portion of urine is secreted it propels that which is 
ilready in the uriniferous tubes onwards into the pelvis of the 
ddney. Thence, through the ureter, the urine passes into the bladder, 
into which its rate and mode of entrance have been watched by 
tneans of the cystoscope, or in patients in whom the lower anterior 
ibdominal wall and the anterior wall of the bladder is absent, 
rhe urine does not enter the bladder at any regular rate, nor is there 
1 synchronism in its movement through the two ureters. During fast- 
mg, two or three drops enter the bladder every minute ; each drop as 
it enters first raises up the little papilla through which the ureter 
opens, and then passes slowly • through its orifice, which at once 
closes again like a sphincter. Its flow is aided by the peristaltic 
contractions of the ureters, and is increased in deep inspiration, 
by straining, in active exercise, and in the first fifteen or twenty 
minutes after a meal. The urine is prevented from regurgitation 
into the ureters by the latter passing obliquely tlirough the walls 
of the bladder and is retained in the organ by two rings of muscle 
at its exit, known as the internal and external spliincters, until 
voided. 

The efferent nerves to the bladder are: — (1) The nervi crigentes 
which are parasympathetic. Stimulation of these nerves causes 
contraction of the bladder, and relaxation of its spliincter, the two 
necessary acts by which the urine is expelled. (2) The hypogastric 
nerves which are sympathetic; pre-ganglionic fibres leave the cord 
in the lumbar region, pass through to the inferior mesenteric 
ganglion ; the post-ganglionic fibres are very short and s}Tipase 
in cells near the bladder wall. Much difference of opinion has 
been expressed regarding the action of these nerves. The effect 
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of stimulation appears to depend on the degree of anaesthesia used 
and the degree of tension present. Stimulation of (1) or (2) causes 
contraction of the flaccid bladder and relaxation of the contracted 
bladder. In man, however, there is eAudence of antagonism, for 
it has been found that difficult micturition resulting from lesions of 
the pelvic nerve is relieved by sympathetic section (Learmonth). 
On the other hand, a dose of the sympathetic drug ephedrine may in 
sensitive persons make micturition temporarily impossible, while 
atropine, the paralysant of the parasympathetic, may be of value in 
the treatment of nocturnal bed-wetting in children. 



Fia. 176.— The changes in pressure which occur in the human bladdei' as it is filled with fluid 
(upper curve) and as it empties (lower curve). (Denny Brown and Bobertson.) 


Fundamentally, micturition may be considered a reflex act. It is 
so in young children in whom the bladder empties reflexly when the 
internal pressure rises. In the dog a pressure of 200 mm. of water 
initiates the reflex. The reflex is abolished by cocainising the 
bladder. . . 

The afferent impulses so produced pass to the central nervous 
system by the pelvic nerves and set up a reflex through the 
hind-brain. There are, however, subsidiary arcs in the lumbo-sacral 
cord and these are able to take over control in man and animals 
if the spinal cord is injured higher up. The spinal tracts subserving 
micturition in man have been found to be the dorsal cerebellar 
(M‘Michael and Dible). 

Normally there is superimposed upon the basal reflexes a 
voluntary control. When the bladder is sufficiently full and 
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a certain internal tension reached there is a desire to micturate, 
but the point at winch this occurs probably depends on the tone 
of the bladder, the composition of the urine, and the irritability 
of the bladder walls. If the desire is resisted the bladder relaxes 
shghtly and the desire passes ofiP. The pressure, however, does 
not quite return to its previous level, but there is adaptation of the 
bladder to its contents at a slightly higher pressure. This adapta- 
tion can be shown if fluid is injected into the bladder through 
a catheter, and is probably an adaptation to the needs of immediate 
physical exercise, for adrenaline has been shown to cause a marked 
relaxation. The intention to micturate or the sound of running 
water causes the bladder to contract and a rise in its internal 
pressure. 

It is at first ea^’- to ignore the desire to micturate but becomes 
increasingly difficult as the pressure in the bladder rises. Micturi- 
tion from a half-full bladder is much more a voluntary act and 
in some circumstances is difficult. This is not to be confused 
with the difficulty in emptying an excessively full bladder which 
has become partially paralysed by the internal pressure. 

Sometimes in yoimg persons and in animals great difficulty is 
experienced in beginning micturition because of nervousness. The 
act is facilitated % the soimd of running water or by placing the 
hands in water. This suggests that the normal retention of urine 
may become exaggerated reflexly and the ■view that the retention 
becomes a conditioned reflex is still further supported by the fact 
that a puppy in which the retention reflex is not fuUy formed may 
pass urine under the influence of an extraneous stimulus. This 
suggests the release of a conditioned inhibition. (Pavlov.) 

After spinal injury voluntary control of the bladder is lost and 
if the urine is not drawn off the viscus fills and eventually overflows. 
If, however, the lumbo-sacral cord is intact, and the nursing has been 
sufficiently good to prevent infection of the urinary tract, after some 
weeks the primitive reflex emptying of the bladder maj' return. 

The act of micturition in the adult consists of the relaxation 
of the external sphincters and contraction of the bladder assisted 
commonly by the contraction of the abdominal muscles. This 
results in a small quantity of urine reaehing the upper part of 
the urethra, and this has been shown experimentally to set up 
a further set of reflexes which enhances the contraction and 
brings about full relaxation of the internal spliincters. Mechanical 
compression of a full bladder will bring about the reflex which 
appears to depend on pathways through the mid-brain, for it is 
absent if this part of the brain is cut off. ‘At the commencement 
of micturition the pressure of ui’ine in the bladder may Teach 
1000 mm. of water. Sometimes, especially if the neck of the bladder . 
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has become irritable from the deposition of crystals precipitated 
from the urine, the contraction of tins part may be so violent 
that there is discomfort or even intense pain. This is not 
uncommon in students as a result of the deposition of allrabne 
phosphates. It is relieved by rendering the urine acid — and the 
taking of diluents. 

If urine is voided too frequently, the cause may be (1) peripheral, 
as in inflammation of the bladder; here the organ is unduly sensitive 
to the pressure of fluid; or (2) central, as in cases of fear and 
excitement ; here the sensibility of the vesical centre is heightened. 


The Action of Diuretics. 

Diui’etics are substances which increase the flow of urine and 
are used in dropsy, i.e. when water accumulates in the body as a 
result of a faulty circulation, or in certain varieties of kidney 
disease, but their action may also he demonstrated on normal people. 
From our study of the mechanism of the production of urine it is 
evident that they may act as follows : — 

1. .They may reduce the reabsorption in the tubules either 
(a) osmotically, e.g. urea, sodium sulphate, and like salts, or (5) by. 
poisoning the cells of the tubules, e.g. the mercury salts (mersalyl 
being most used). 

2. They may raise the general blood-pressure and increase the 
flow of blood through the kidney, e.g. digitalis, which stimulates and 
relieves the heart. 

3. They may bring more glomeruli into action, e.g. cafieine. 

References. — Barrington and Langwortby ; Kobb and Lewis. 



CHAPTEE XXXVII 


THE UEIHE 

Quantity. — A. man of average weight and height produces from 
1400 to 1600 C.C., or about 50 fluid oz. dail)’’. The quantity, 
however, may vary enormously from day to day and from hour to 
hour according to the amount of fluid taken and to the amount of 
water excreted in other ways. Tf sweating is increased the qua.ntity 
of the urine is correspondingly reduced. When metabolism is 
reduced to a minimum during sleep very little urine is secreted. 

Colour. — This is some shade of yellow wliich varies consider- 
ably with the concentration of the urine. It is due to a mixture of 
pigments; of these the most abundant is a yellow one, named 
urochrome, of unknown chemical composition. 

There are also several other pigments : — 

UroUlin . — ^The bile pigment in the intestines is converted into 
stercobilin, most of which leaves the body with the faeces; some, 
however, is reabsorbed and is excreted into the urine, and is then 
called urobilin. It is normally present in small quantities only. 
Its precursor, a chromogen called urobilinogen, is colourless, hut by 
oxidation — for instance, standing exposed to the air — is converted into 
the pigment proper, is more abundant than urohihn itself. In certain 
diseased conditions the amount of urobilin is considerably increased. 

Uro-erythrin, the colouring matter of pink urate sediments, 
appears to be a small but constant constituent of urine, but its 
origin is unknown. Normal urine contains also a trace of hccmato- 
porphyrin, and the amount is increased in certain diseased states. 

Reaction. — The reaction of normal urine is acid; this is due 
mainly to acid salts, of which acid sodium phosphate is the most 
important. The reaction of the urine is normally from pH 7 to 
pH 5-5. It is more acid on an acid-producing diet such as meat 
and fat, but the acidity increases after exercise and when abnormal 
acids are taken or are produced during metahohsm as in diabetes. 
Under certain conditions the urine becomes less acid and even 
alkaline ; the most important of these are as follows : — 

. 1. A diet of fruit and vegetables contains an excess of salts of 
organic acids, e.g. citric, tartaric, which are oxidised to carbonates 
and make the urine alkaline. Whole cereals, e.g. rice, like meat 
628 
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cause an acid urine because of the sulphur they contain. The 
reaction of the urine has a very considerable practical importance. 
In an alkaline urine phosphates are likely to precipitate and cause 
irritation of the neck of the bladder and bacteria are liable to 
flourish. In infections of the urinary tract the treatment consists 
of ^ making the urine very acid and to secure this the diet is of 
primary importance. Acid sodium phosphate, ammonium chloride, 
and mandelic acid are given also for this purpose, but such drugs 
are of no value unless strict attention is paid to the diet. .Of 
recent years a ketogenic diet composed largely of fat and 
meat with insufficient carbohydrate has been much used, but 
for some unexplained reason normal persons adapt themselves 
— like Eskimos — and burn fat fully. Whenever the acidity of the 
urine changes there is also a change in the ammonia-urea ratio. 
(See below.) 

2. During digestion and in the forenoon. Here there is a 
formation of free acid in the stomach, and a corresponding liberation 
of bases in the blood, which, passing into the urine, diminish its 
acidity, or even render it alkaline. This is called the alkaline tide. 
Leathes considers that respiration is more important than gastric 
secretion in bhe forenoon in producing the change. During sleep 
respiration is comparatively inactive ; hence carbon dioxide accumu- 
lates, and the resulting rise in H-ion concentration is reflected 
in the urine. With the activity associated with daytime this effect 
passes off. 

Specific Gravity. — This varies- inversely as the quantity of urine 
passed under normal conditions from 1015 to 1025. A specific 
gravity below 1010 should excite suspicion of hydruria or diabetes 
insipidus; one over 1030, of a febrile condition, or of diabetes 
mellitus, in which it may rise to 1050. The specific gravity has, 
however, been known to sink as low as 1002 (after large potations, 
urina potus), or to rise as high as 1035 (after great sweating and 
after sleep) in perfectly healthy persons. 

The specific gravity of the urine passed first thing in the morning 
is also an indication of the efficiency of the kidney. 

Kidneys which are capable of producing a good amount of night 
urine with a specific gravity of 1025 or over must have glomeruli, 
capable of excreting a reasonable amount of salts and tubules, 
capable of concentrating them. A dilute night urine in the absence- 
of fluid intake at bed-time suggests that the kidney has v difficulty 
in excreting salts, and more elaborate efficiency tests may be needed 
if a surgical operation is contemplated. 

Composition. — The following table gives the average amounts of 
the urinary constituents passed by a man taking an ordinary diet 
containing about 100 grams of protein in the twenty-four hours. 
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but it must be realised that many of the constituents may vary 
appreciably from hour to hour : — 


Total quantity of urine . 

Grams 
. 1500-00 

Sulphuric acid . 


Grams 

2-0 

Water .... 

. 1440-00 

Ammonia 


• . 0-65 

Solids . . . , • 

60-00 

Creatinine 


0-9 

Urea .... 

35-00 

Chlorine . 


11-0 

Uric acid 

0-75 

Potassium 


2-5 

Hippuric acid . 

Sodium chloride . 

0-7 

Sodium . 


. 5-5 

16-5 

Calcium . 


0-26 

Phosphoric acid 

3-5 

Magnesium 


0-21 


The most abundant constituents of the urine are water, urea, and 
sodium chloride. In the foregoing table one must not be misled by 
seeing the names of the acids and metals separated. The acids and 
bases are combined to form salts, such as urates, chlorides, etc. 

It is important to note that the constituents of urine, with 
the exception of acid sodium phosphate, hippuric acid and ammonia, 
are not formed by the kidney but that the kidney merely excretes 
them from the blood. 

The nitrogenous constituents, urea, ammonia, uric acid, hippuric 
acid, are the products of exogenous and endogenous protein metab- 
olism. The creatinine and part of the sulphuric acid (neutral 
sulphur) are the products of endogenous metabolism and are not 
affected by variation in the amount of protein in the diet. 


Urea. 


The origin of urea from amino-acids has already been dealt with 
(p. 491). The urea arising from the exogenous metabolism of protein 
is normally greater than that arising from endogenous metabolism, 
and varies in quantity dii-ectly with the protein of the diet. In a 
man in a state of nitrogenous equilibrium, taking daily 100 to 120 
grams of protein in his food, the quantity of urea excreted daily 
is about 33 to 35 grams (500 grains). The percentage in human 
urine is usually l'5-2 per cent.; but this varies, because the 
concentration of the urine varies considerably in health. The 
excretion of urea is usually at a maximum three hours after a 
meal, especially after a meal rich in proteins. In those who adopt 
a reduced protein diet, Tolin has shown that the decrease in urinary 
nitrogen falls mainly on the urea fraction, and in some cases the urea 
excrete_d accounted for only 66 per cent, of the total nitrogen. The 
other nitrogenous katabohtes of the urine alter comparatively little 
under such conditions, and the creatinine in particular remains 
remarkably constant in amount. 

The time-honoured structural formula of urea as carbamide 


may now be said to have gone into the melting-pot aiid 
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it IS most likely that it cannot be represented by any single static 
formula, for_ reasons already discussed in relation to the origin of 

formula as ammonium cyanate 
^'[as first prepared synthetically by Wohler 

W"Ui ’ 1 Pi’opared synthetically in other ways. 

Wohler s observation derives interest from the fact that this was 
the first orgamc substance ever prepared synthetically by chemists. 

Urea IS readily soluble both in water and alcohol : it has a saltish 
taste, and is neutral to htmus paper. 

nitrite of ® treated ^rith nitric acid, 

iT (CON^H^.HNOs) IS formed; this crystallises in octahedra, 
lozenge-shaped tablets, or hexagons. When treated ivith oxalic acid, prismatic 
V,’^e\oxalate (CONoH,.H,CA + WO)are formed. Thek^cJystaS 
may be readily obtained by adding excess of tlie respective acids to urine which 
has been concentrated to a third or a quarter of its bulk. 

Under the influence of a micro-organism, the viicTOcoccus uo'Bcc, 
which grows readily in stale urine, 
urea takes up water, and is con- 
verted into ammonium carbonate 
[C0U2Hi-f-2H20 = (UH,) 2 C 03 ]. Hence 
the ammoniacal odour of putrid urine. 

By means of nitrous acid, urea is 
broken up into carbonic acid, water, 
and nitrogen, CO]sr 2 H 4 + 2 HHO 2 = 

COg-f 3H20-f2N2. The evolution of 
gas hubbies which takes place on the 
addition of fuming nitric acid* may 
be used as a test for urea. 

Pio. 176.— Crystals of urea. ' 

The main reaction between sodium hypobromite and urea may he 
represented thus : — 

CON2H4 + SNaBrO = COg -h N, + 2H2O + 3 NaBr. 

fUrea.] [Sodium [Carbon [Nitrogen.] [Water.] [Sodium 

hypobromite.] dioxide.] bromide.] 



Side reactions of a complex nature also occur, and a small amount 
(less than 1 per cent.) of carbon monoxide is mixed with the nitrogen, 
but the reaction may be used as a rough-and-ready method for 
estimating urea (see p. 644). 

Urcemia . — This is the term given to the dangerous state commonly associated 
with unconsciousness which results from severe disease of the kidney. The term 
was originally applied on the erroneous supposition that it is urea or some ante- 
cedent of urea which acts as the poison. There is no doubt that the poison is 
not any constituent of normal urine ; if the kidneys of an animal are extirpated, 
the animal dies in a few days, but there are no uraemic convulsions. In man, 
also, if the kidneys are healthy, or approximately so, and suppression of urine 


* Fuming nitric acid contains nitrous acid in solution. 
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occurs from the simultaneous blocking of both renal arteries by clot, or of both 
ureters by stones, again uraemia does not follow. On the other hand, uraemia may 
occur even while a patient with diseased kidneys is passing a considerable amount 
of urine. What the poison is that is responsinle for the convulsions and coma is 
imknown. It is doubtless some abnormal katabolic product, but whether this is 
produced by the kidney cells, or in some other part of the body, is also unknown. 


Ammonia. 

The ammonia of the urine arises from the amino portion of 
deaminised amino-acids. A small amount reaches the kidney direct 
from the tissues, but the majority appears to be formed in the 
kidney from the breakdown of urea. In man the daily amount 
of ammonia excreted varies between 0 3 and 1-2 grame. The 
ingestion of ammonium carbonate does not increase the amount of 
ammonia in the urine, but increases the amount of urea, into which 
substance the ammonium carbonate is easily converted. But if a 
more stable salt, such as ammonium chloride, is given, it may 
appear as such in the urine. Some of the ammonia may, however, 
be converted into urea, and the hydrochloric acid may bring about a 
marked acidosis (Haldane) if sufficient ammonium chloride is taken. 

The Ammonia-TJrea Ratio. — The ammonia in the urine is 
not to be considered as a residue from the formation of urea, 
for this process is very complete. Rather it is the amount 
of ammonia which the kidney needs to neutralise acid. Since, 
however, the kidney obtains the ammonia from urea and amino- 
acids the more ammonia is excreted in the urine the less urea there 
will be. Normally, on a mixed diet the ratio is about 1 : 50. This 
indicates the amoimt of acid to be got rid of. I^Tien the production 
of acid is excessive, as in diabetes, excess of ammonium salts 
appears in the urine. A diminution in the output of ammonia 
occurs when there is an excess of alkali in the body. This 
takes place when alkah is administered, or on a vegetable diet. 
A decrease in the ammonium salts is accompanied by an increased 
alkalinity of the urine, since more alkali or less acid phosphate 
is excreted. That the ammonia is formed in the kidney is shown 
(Benedict) by the facts that if the kidneys are removed there is a 
reduction of the ammonia of the blood and that there is normally 
more a mm onia in the renal venous blood than in the arterial. This 
view is supported by the fact that in the acideemia due to kidney 
disease the a mm onia-urea ratio does not change (McLean), while 
it has been found that if the liver is removed there is no appreciable 
change in the amount of ammonia excreted by the urine. 

It is of interest that if ammonium chloride is given to a 
herbivorous animal such as a rabbit, the urinary ammonia is but 
little increased. It reacts with sodium carbonate in the tissues, 
forming ammonium carbonate (which is excreted as urea) and sodium 
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chloride. Herbivora also suffer much more from, and are more 
easily Idlled by, acids than carnivora, their organisation not 
permitting a ready supply of ammonia to neutrahse excess of acids. 

It is important to emphasise that all that has been said in regard 
to ammonia refers to urine freshly passed. All urine, if allowed to 
stand, becomes ammoniacal, as a result of the breakdown of urea by the 
micrococcus urece. 


Creatine and Creatinine. 

Creatine is a constant constituent of muscle; its chemical 
structure is very like that of arginine; it contains a urea radical, 
and when boiled with baryta it sphts into urea and sarcosLue 
(methyl-glycine), as shown in the following equation : — 

C4H9N3O2 -H H2O = CON2H4 + C3H^N02. 

[Creatine.] [Water.] [Urea.] • [Sarcosine.] 

At present the evidence appears to be that the muscle, does 
not make creatine but becomes saturated with it from the blood. 

Creatine is absent from normal urine, but it is present in the 
urine during starvation, in acute fevers, in women "during involu- 
tion of the uterus, in the urine of infants, and in certain other 
conditions in which there is rapid loss of muscular material. 
If it is administered by the mouth large amounts are retained 
and if given in excess only about appears in the urine. 

Its normal fate in the body is unknown; it may be converted 
into urea as in the foregoing equation, but injection of creatiue into 
the blood-stream does not cause any increase in urea formation ; the 
creatine injected is ahnost wholly excreted unchanged but a proportion 
is stored in the muscles. 

Its normal origin is uncertain, but its excretion is much 
increased if glycine or glycine -rich proteins are fed (Brand). 
Creatine is readily convertible into creatinine as shown in the 
following equation : — 

C,H9N302 - H 2 O, = C,H,N 30 . 

[Creatine.] [Water.] [Creatinine.] 

The role of - creatine-phosphate in muscle contraction has already 
been discussed. (See Chemical Changes in Muscle.) 

Creatinine, on the other hand, is an end-product, probably of 
muscle metabolism. Brom 0’8 to 1'3 grams are excreted in 
the urine in twenty-four hours; it is, in fact, next to urea, the 
most abundant nitrogenous substance in urine. The actual amount 
excreted is apparently proportional to the weight of the indmdual, 
especially to the muscular tissue possessed. It is the urinary 
constituent most constant in amount, diet having no effect on it. 
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i.e. it comes from endogenous metabolism. The problem was studied 
particularly by E. Mellanby. By improved methods he showed that 
creatinine as such is never present in muscle at all, even after 
prolonged muscular work. He then studied in the developing 
bird the amount of creatine at different stages, and found that 
it is entirely absent in the chick’s musculature up to the 
twelfth day of incubation ; after this date the liver and the 
muscular creatine develop pari passu. After hatching, the liver 
still continues to grow rapidly, and the creatine percentage in 
the muscles increases also, although the development in the size 
of the muscles occurs very slowly. Moreover, ingested creatinine 
is not stored like creatine but is excreted unchanged. It would 
seem then that certain products of protein katabolism, the nature 
of which is uncertain, are carried by the blood to the liver' and 
from these the liver forms creatine; tliis is transported to the 
muscles and there stored as creatine-phosphoric acid; when the 
muscles are saturated with creatine, excess of creatinine is then 
excreted by the kidneys. Its formation by the liver from amino- 
acids is suggested by the small amount excreted in diseases of 
that organ. 

During muscular exercise the creatinine of the urine is increased 
and afterwards is equally diminished, but the daily excretion is 
increased by training. This suggests that when creatine is set free 
in the muscles by the breakdown of creatine-phosphate some 
becomes converted into creatinine, but that subsequently some is 
resynthesised to creatine-phosphate. 

Blood Creatinine. — Honnally this is 1 to 2 mg. per 100 c.c. 
but figures over 3 rag. are found in kidney disease. High values, 

over 5 mg., indicate an early death in 
chronic inflammation of the kidney. 
Hunter, 1928.) 

Uric Acid. 

Uric Acid (C5H4H4O3) is, in 
mammals, the mediupi by which a very 
small quantity of nitrogen is excreted 
from the body. It is, however, in 
birds and some reptiles the principal 
nitrogenous constituent of their urine. 
In an acid urine it may be precipi- 
tated, but in an alkaline urine it occurs 
as urates. (See Purine Metabolism.) 

It may be obtained from human urine by 
adding 5 c.c. of hydrochloric acid to 100 c.c. 
of the urine, and allowing the mixture to stand for tu’clve to twenty-four hours. 

The pure acid crystallises in colourless rectangular plates or prisms. In 



Fiq. 177. — Various forms of uric acid 
crystals. 
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striking- contrast to urea it is almost an insoluble substance. The forms which 
uric acid assumes when precipitated from human urine, either by the addition 
of hydrochloric acid or in certain pathological processes, are very various the 
most frequent being the whetstone shape ; there are also bundles of crystals 
resembling sheaves, barrels, and dumb-bells (see fig. 177). 

The murexide test is the principal test for uric acid. The test has received 
the name on account of the resemblance of the colour to the purple of the ancients, 
which was obtained from certain snails of the genus Murex. It is performed as 
follows ; place a little uric acid or a urate in a capsule ; add a little dilute nitric 
acid and evaporate to dryness. A yellowish-red residue is left. Add a little 
ammonia carefully, and the residue turns violet ; this is due to the formation of 
purpurate of ammonia. On the addition of potash the colour becomes bluer. 

Urates, — Uric acid does not contain the carboxyl group (COOH) 
which is typical of organic acids, and its reaction is neutral. 
Nevertheless its hydrogen atoms are replaceable, and it acts there- 
fore as an acid, and forms hiurates (MHU). In the presence of 
strong bases it forms neutral urates (MgU), which, however, only 
exist in the solid condition, or in the presence of strong alkali; by 
water they are decomposed at once into primary urate and alkali 

In the urine and in blood are biurates mixed with uric acid 
(MHU . H^U), the so-called quadriurates (Eoberts). In gout the 
urates of the blood are increased and may be converted into less soluble 
isomeric forms which become deposited in the joints and other tissues. 

The quantity of uric acid excreted by an adult varies from 
0'5 to 075 gram daily. - 

The origin of uric acid is dealt with under Purine Metabolism. 
The acid is formed not in the kidneys, /but as the result of metabolic 
processes occurring elsewhere, since if the kidneys are removed, 
uric acid continues to be formed and accumulates in the blood and 
organs. 

Man and the anthropoid ape are peculiar in that they excrete 
uric acid without further oxidation, but for some completely 
obscure reason this is true of the pure-bred Dalmatian coach hounds, 
although not of other dogs. 


Hippuric Acid. 

Hippuric Acid (CgHgNOg), combined with bases to form 
hippurates, is present in small quantities in huruan urine, but in 
large quantities in the urine of herbivora. This is due to the 
food of herbivora containing substances belonging to the^ aromatic 
group — the benzoic acid series. If benzoic acid is given to a 
man, it unites with glycine with the elimination of a molecule of 
water, and is excreted as hippuric acid. 


C„H,.COOH '+ 


[Benzoic acid.] 


CHg.NH, 
COOH 

[Glycine.] 


CHgNH . CO . CgHg 
1 

COOH 

[Hippuric acid.] 


• 4 - 


Bp 

[Water 
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This is a well-marked instance of synthesis carried ont in the 
animal body, and experimental investigation shows that it is accom- 
plished by the living cells of the kidney itself ; for if a mixture of 
glycine, benzoic acid, and blood is injected through the kidney (or 
mixed with a minced kidney just removed from the body of an 
animal), hippuric acid is found to have been formed. In the 
conversion of benzoic into hippuric acid which occurs in herbivora, 
the necessary glycine comes from the kidney itself. 

The Inorganic Constituents of Urine, 

The inorganic or mineral constituents of urine are chiefly chlorides, 
phosphates, sulphates, and carbonates ; the metals with which these 
are in combination are sodium, potassium, ammonium, calcium, 
and magnesium. The total amount of these salts varies from 19 to 
25 grams daily. The most abundant is sodium chloride, which 
averages in amount 10 to 16 grams per diem. These substances 
are derived from two sources — from the food, and as the result of 
metabolic processes. 

Chlorides, — The chief chloride is that of sodium. The ingestion 
of sodium chloride is followed by its appearance in the urine, some 
on the same day, some on the next. Some is decomposed to form 
the hydrochloric acid of the gastric juice. The salt in the body 
fulfils the useful office of stimrilating metabolism and secretion. 

Sulphates. — The sulphates in the urine are principally those, 
of potassium and sodium, and arise normally from the sulphur- 
containing amino-acid cystine and its decomposition product ethyl 
mercaptan (CgHgSH). The sulphates vary in amount from 1'5 to 3 
grams daily. (See Lewis, 1924.) 

The sulphur of the proteins of the diet in passing through the 
hver becomes completely oxidised to form inorganic sulphates. That 
however which is derived from breakdown of cystine of body 
proteins for the most part escapes the liver, yrhich from the circu- 
latory point of view is parallel to the kidney and is not converted 
into ordinary sulphates to any great extent, but appears in the urine 
partly as ethereal sulphates, and partly as certain obscure but not 
fully oxidised sulphur compounds * ; it is usually spoken of as neutral 
or unoxidised sulphur, which therefore, like creatinine, bears a direct 
relation to endogenous metabolism. 

The ethereal sulphates just mentioned form about a tenth of the 
total sulphates. They are combinations of sulphuric acid with 
organic radicals, and the greater part of them originate from putre- 
factive changes in the intestine. The chief of these ethereal 

* These include cystine, oxyproteic acid, alloxyproteic acid, and methyl 
mercaptan. 
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sulphates are phenyl-sulphate of potassium and indoxyl-sulphate of 
potassium. The latter originates from the indole formed in the 
intestine, and as it yields indigo when treated with certain reac^ents 
it is sometimes called indican. ° 

The formation of these sulphates is important; the aromatic 
substances liberated by putrefactive processes in the intestine 
are poisonous, hut their conversion into ethereal sulphates renders 
them harmless. 


The equation representing the formation of potassium phenyl-sulphate is as 
follows : — 

QH^OH + SOo<^gg = + H.O. 

[Phenol.] [Potassium [Potassium [Water. ] 

hydrogen phenyl-sulphate.] 
sulphate.] 


Indole (CgH.;N) on absorption is converted into indoxyl : — 


.C.OH:CH 


The equation representing the formation of potassium indoxyl-sulphate is as 
follows ; — 

C8H,N0 -t ^ 

[Indoxyl.] [Potassium [Potassium [Water.] 

hydrogen lndoxyl-suli)hate.] 

sulphate.] 


Carbonates. — Carbonates and bicarbonates of sodium, calcium 
magnesium, and ammonium are present only in alkaline urine. They 
arise from the carbonates of the food, or from vegetable acids (malic, 
tartaric, etc.) in the food. They are therefore found in the urine 
of herbivora and vegetarians, whose urine is thus rendered alkaline. 
Urine containing carbonates becomes, like saliva, cloudy on standing, 
the precipitate consisting of calcium carbonate and also phosphates. 

Phosphates. — Two classes of phosphates occur in normal urine, 
but the actual salts found depend on the reaction of the urine. 

( 1 ) Alkaline phosphates — ^that is, phosphates of sodium (abundant) 
and potassium (scanty). 

( 2 ) Earthy phosphates — that is, phosphates of calcium (abundant) 
and magnesium (scanty). 

The composition of the phosphates in .urine is liable to variation. 
In acid urine the acidity is due chiefly to the acid salts, sodium 
dihydrogen phosphate, ]sraH2P04, and calcium dihydrogen phosphate, 

Ca(H2P04)2. ... 

In alkaline urine the alkaline phosphates, disodium hydrogen 
phosphate, UagHPO^, calcium hydrogen phosphate, CaHPO^, and 
magnesium hydrogen phosphate, MgHPO^, predominate. In neutral 
urine there is a mixture of the acid and alkaline salts. 

The earthy phosphates are precipitated by rendering the urine 
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alkaline by ammonia. In decomposing urine, ammonia is formed 
from the urea. The phosphates are precipitated as a wliite creamy 
precipitate of: — 

(1) Triple phosphate or ammonio - magnesium phosphate 
(]!IH 4 MgP 04 + 6 H 20 ). This crystallises in “coffin-lid” knife-rest 
crystals (see fig. 178) or -feathery stars. 

(2) Stellar phosphate, or calcium phosphate; this crystallises in 
star-like clusters of prisms. 

As a rule normal urine gives no precipitate when it is boiled ; hut 
sometimes neutral, alkahne, and occasionally faintly acid urines give a 
precipitate of calcium phosphate when boiled because of the dissolved 
COg being' driven off : this precipitate is amorphous, and is liable to be 
mistaken for albumin. It may be distinguished readily from alhumin, 
as it is soluble in a few drops of acetic acid, whereas coagulated 
protein does not dissolve. 

The urinary phosphates originate from the phosphates of the 
food, but are partly decomposition products of the phosphorised 
organic materials in the body, such as lecithin and nuclein. It 
has been found that to supply this waste a supply of 2-25 grams 
PO 4 is necessary but the diet is not usually deficient and the 


amount of PgOg in the twenty-four 
y- ' hours’ urine varies from 2-5 to 3-5 

... ' grams, of which the earthy phosphates 
— K contain about half (1 to 1-5 gr.). The 

^ ^ ^ urine also contains minute quantities 

^ y I of organic phosphates, for instance, 

I I glycero-phosphates. 

A . ” * A' Tests for the Inorganic Salts of Hrlne. — 

Vn \ .’••« /A Chlorides . — Acidulate -with nitric acid and add 

jtS silver nitrate; a -white precipitate of silver 
‘o st’Iuble in ammonia, is produced. The 

object of acidulating -with nitric acid is to prevent 
phosphates being precipitated by thesilver nitrate. 
Stilphales.— Acidulate with hydrochloric acid, 
and urate of ammonium, from urine and add barium chloride. A white precipitate 
irhich had undergone alkaline fer- of barium sulphate is produced. Hydrochloric 
mentation. gg^in added first, to prevent precipitation 

of phosphates. 

Phosphates. — ^i. Add ammonia ; a white crystalline precipitate of earthy (that is, 
calcium and magnesium) phosphates is produced. This becomes more apparent on 
standing. The alkaline (that is, sodium and potassium) phosphates remain in solution, 
ii. Mix another portion of urine -with half its volume of niWc acid ; add ammonium 
molybdate, and boil. A yellow crystalline precipitate falls. This test is given by 
both classes of phosphates. 


Fia. 17S. —Urinary sediment of triple 
phosphates (large prismatic crystals) 


Urinary Deposits. 

The formed or anatomical elements may consist of blood- 
corpuscles, pus, mucus, epithelium cells, spermatozoa, casts of the 
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urinarj tubules, prosfcatic threads, fungi, and entozoa. All of these, 
with the exception of a .small quantity of spermatozoa and mucus, 
which forms a flocculent cloud in the urine, are pathological, and 
the microscope is chiefly employed in their detection. 

The chemical substances are uric acid, urates, calcium oxalate, 
calcium carbonate, and phosphates. Barer forms are leucine, 
tyrosine, xanthine, and cystine. These are of considerable importance 
in medicine, as their formation in the urinary passages may lead to 
the formation of '"stone” or of "gravel," which leads to obstruction 
or to pain. The recognition and treatment of the condition depends 
on the microscopical examination of the deposits. We shall, however, 
here consider only the commoner varieties. 

Deposit of Uric Acid, — ^This is a sandy reddish deposit resembling 
cayenne pepper, occurring in an acid urine. It may be recognised by 
its crystalline form (fig. 177, p. 534) and by the murexide reaction. 
The presence of these crystals generally indicates an increased 
formation of uric acid, which, if excessive, may lead to the formation 
of stones or calculi in the kidney and bladder. 

Deposit of Urates. — This “brick dust” deposit is much 
commoner than uric acid, and may occur in concentrated normal 


Fio. 179 Crystals of calcium oxalate. 

urine when it cools. It is generally found in the concentrated 
urine of fevers ; and there appears to be a kind of fermentation, 
called the acid fermentation, which occurs in the urine after it has 
been passed, and which leads to the same result. It has a pinkish 
colour due to the pigment uro-erythrin, and dissolves upon warming 
the urine. It is usually amorphous, but crystallhie forms similar to 
those depicted in fig. 178 may occur. Crystals of calcium oxalate 
may be mixed with this deposit (see fig. 179). 

Deposit of Calcium Oxalate.— This occurs in envelope crystals (octahedra) or 
dumb-bells. It is insoluble in ammonia, and in acetic acid. It is soluble vatn 
di£5culty in hydrochloric acid. Calcium oxalate calculi are the commonest kind ot 
stones found in the kidney. 



Fio. 180.— Crystals of cystine. 
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Deposit of Cystine.— Cystine (CsHiaN^SaO^) is recognised by its colourless 
six-sided crystals (fig. 180). These are rare : they occur only in acid urine, and 
they may form concretions or calculi. Cystinuria (cystine in the urine) is 
hereditary. 

Deposit of Phosphates. — ^These occur in alkaline urine. The 
urine may be alkaline when passed, due to fermentative changes 
occurring in the bladder. All urine, however, if exposed to the air 
(unless the air is perfectly pure, as on the top of a snow mountain) 
will in time become alkaline, owing to the growth of the micrococats 
urece. This forms ammonixun carbonate from the urea. 

CON2H4 -h 2H2O - (NH4)2C03. 

[Urea.] [Water.] [Ammonium 

carbonate.] 

' The ammonia renders the urine alkaline and precipitates the 
earthy phosphates. 

All these phosphates are dissolved by acids, such as acetic acid, 
without effervescence. 

A solution of ammonium carbonate (1 in 5) eats magnesium phosphate away 
at the edges : it has no effect on the triple phosphate. A phosphate of calcium 
(CaHP 04 + 2H20) may occasionally be deposited in acid urine. Pus in urine is 
apt to be mistaken for phosphates, but can be distinguished by tlie microscope. 

Deposit of Calcium Carbonate, CaCOj, appears but rarely as whitish balls 
or biscuit-shaped bodies. It is commoner in the urine of herbivora. It dissolves 
in acetic or hydrochloric acid, with effervescence. 


Pathological Urine. 

Under this head we shall briefly consider only -those abnormal 
constituents which are most frequently met with. 

Proteins. — There is no protein in normal urine, and the moat 
common cause of the appearance of albumin in the urine is disease 
of the kidney (Bright’s disease). The term “albxunin” is the one 
used by clinical observers. Properly speaking, it is a mixture of 
serum albumin and serum globulin. 

Tests. — (1) Heat — Boil the top layer of half a test-tubeful of 
urine. If protein is present a cloud or a denser coagulum appears. 
The urine, if not already acid, should be previously acidified with 
acetic acid, as otherwise a cloud of phosphate may appear on heating 
because of expulsion of COj; the cloud of phosphate is soluble in 
acetic acid. (Compare Pus Below.) 

(2) Nitric Acid (Heller). — Bun a drop of cold, concentrated nitric 
acid down the side of a test-tube containing a little urine. If 
protein is present a precipitate appears round the drop. 

(3) Salicylsulphonic acid causes a white precipitate in the cold 
if protein is -present. 
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tl^cose. — ^Normal urine contains no sugar or so little that for 
clinical purposes it may be considered absent. The conditions in 
• which glycosuria occurs are described on p. 480. Diabetic urine 
may contain, for reasons described in relation" to the metabolism of 
fat (p. 489), acetone and aceto-acetic or diacetic acid. The 
presence of the aceto-acetic acid is specially important on account 
of its toxicity, and it indicates also the probable presence of y3- 
hydroxy butyric acid. The specific gravity of a urine containing 
sugar is high. 

Tests for. Glucose.— {f) Take 6 c.c. of Benedict’s solution and add 8 drops 
- of urine and boil for 10 minutes. Greenish turbidity with small red deposit on 
standing = trace. Precipitates indicate amounts— greenish-yellow + , yellow + + , 
orange + + + , brick-red + + + + . 

(2) The fermentation test Half fill a test-tube with the urine and add a little 
yeast. Fill up the tube -ivith mercury ; invert in a basin of mercury, and leave it 
in a warm place for twenty-four hours. The sugar will undergo fermentation; 
carbonic acid gas accumulates in the tube, and the liquid no longer gives the tests 
for sugar, or only faintly, but gives those for alcohol instead. The specific gravity 
falls. The phenyl-hydrazine test may also be applied to distinguish between glucose, 
lactose, and pentose. 

The following Fallacies in Dehling’s test should be noted : — 

(1) Lactose may occur in the urine of nursing mothers. 

(2) Fructose, pentoses, and other sugars are found but rarely. 
'Pentoses occur in certain individuals after the eating of certain 
fruits, apples, plums, cherries, and turnips, and sometimes after beer. 

(3) Glycuronates. — These are present when the body is getting 
rid of certain abnormal substances, e.g. phenols formed from intestinal 
decomposition, or certain drugs, chloral, camphor, salicylates, chloro- 
form, turpentine, morphine. These substances become linked to 
glycuronic acid (CgH^oGy), an oxidation product of glucose. The 
terminal OHO is free and reduces the copper like glucose itself. 
This, like the formation of ethereal sulphates, is an example of 
protective synthesis and appears to occur in the liver. 

(4) Homogentisic Acid. — This occurs in the rare condition of 
alkaptonuria, which results from the faulty metabolism of tyrosine. 
The urine if exposed to the air becomes dark. 

Discolorisation of the Fehling’s solution, usually without actual reduction, may 
be caused by excess of urates or creatinine. 

Eothera's Test for Acetone.— Saturate the urine with ammonium sulphate, so 
as to leave some crystals undissolved at the bottom of the tube. Add a few drops 
of a fresh dilute solution of sodium nitroprusside and a little 10 per cent, ammoma. 
Acetone gives a purple permanganate coloration. If the colour develops rapidly 

and deeply, aceto-acetic acid is also present. -i- , ■ 

Test for Aceto-acetic Acid. — Ferric chloride gives a ■mne-^ed colour which is 
destroyed by boiling. Aceto-acetic acid results frorn faulty fat metabohsm, and 
may therefore be present in diabetes, starvation, and hypoglycsexaia produced by 
ins^in, - 
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Bile. — This occurs in jaundice. The urine is dark-brown, 
greenish, or in extreme cases almost black in colour. 

Gmelin’s test for bile pigments consists in a play of colours — 
green, blue, red, and finally yellow, produced by the oxidising action 
of fuming nitric acid (that is, nitric acid containing nitrous acid in 
solution). The end or yellow product is called choletelin, CggHggH^Oij. 
The test is carried out by dipping a piece of filter paper into the 
urine, allowing it to dry and placing on it a small drop of the acid. 

Hay’s ‘sulphv,T test for bile salts. If some flowers of sulphur 
(i.e. finely powdered) are sprinkled on the surface of normal urine 
they remain floating on the top. If bile salts are present even in 
small quantities, the fine sulphur particles fall down to the bottom 
of the vessel in which the urine is contained; this is due to a 
lowering of surface tension which bile salts produce. 

Blood. — ^When haemorrhage occurs in any part of the . urinary 
tract, blood appears in the urine. If a large quantity is present 
the urine is deep red, if a small quantity only occurs then the urine 
looks “smoky.” Microscopic examination then ^reveals the presence 
of blood-corpuscles, and on spectroscopic examination the bands of 
oxyhaemoglobin are seen. The urine also contains albumin. 

The blood pigment may, under certain conditions, appear in the 
urine without the presence of any blood-corpuscles at all This 
is produced by a disintegration of the corpuscles occurring in the 
circulation. The condition so produced is called ha:moglolimi.ria ; 
it occurs in several pathological states, as for instance in the tropical 
disease called “Black-water fever.” The pigment is in the condi- 
tion of methaemoglobin mixed with more or less oxyhaemoglobin, and 
the spectroscope is the means used for identifying these substances. 

Test for Blood Pigment . — To a little urine in a test-tube add a 
few drops of guaiaconic acid (or of tincture of guaiacum, which is 
less sensitive) ; shake, and add an equal quantity of ether containing 
hydrogen peroxide. The presence of blood is shown by a blue ring 
at the junction of the two fluids. The blue colour is due to oxidation 
of the guaiaconic acid by hydrogen peroxide in the presence of 
haemoglobin. The test is given by saliva, which contains peroxidases ; 
these are destroyed by boiling ; solutions of haemoglobin (or blood) 
still give the test after they have been boiled. 

The urine of a patient who is taking iodides gives the guaiacum 
reaction, even after the urine has been boiled. 

Benzidine test . — A knife point of benzidine is dissolved in 3 c.c. 
glacial acetic acid and 10 drops of this mixed with 3 c.c. hydrogen 
peroxide. This gives no colour change. Blood causes a green or 
blue colour to appear in three minutes. 

Microscopic test. — ^Blood-corpuscles may be seen after the urine 
has been centrifuged and the deposit examined. (The most reliable.) 
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Mucus forms a flocculent cloudiness in the urine, insoluble in 
acetic acid, soluble in potash. A small amount occurs normally. 

Pus occurs in the urine as the result of suppuration in any part 
of the urinary tract. It forms a white sediment resembling that of 
phosphates, and, indeed, is often mixed with phosphates. The pus- 
corpuscles may, however, he seen with the microscope ; their nuclei 
are rendered evident by treatment with 1 per cent, acetic acid, and 
the pus-corpuscles are seen to resemble white blood-corpuscles, which, 
in fact, they are in origin. They dissolve in glacial acetic acid 

Some of the protein constituents of the pus-cells— and the same 
is true for blood — ^pass into solution in the urine, so that the urine 
pipetted off from the surface of the deposit gives the tests for protein. 

On the addition of liquor potassee to the deposit of pus-cells a 
ropy gelatinous mass is obtained. This is distinctive. Mucus treated 
in the same way is dissolved. 

Amino- Acids. — ^Normal urine contains traces of glycine. -Leucine, 
tyrosine, and other amino-acids may be present after extensive 
disintegration of tissue, protein, such as occurs in acute atrophy of 
the liver. In the latter condition urea is almost absent from the 
urine and there is a considerable increase in the ammonia. The 
amino-acids in such circumstances escape further decomposition 
and pass unchanged into the urine. Cystine may occur as a rare 
anomaly of metabolism. Associated with cystinuria one often finds 
diaminuria, that is, the passage of diamines into the urine; these 
are known as cadaverine,(C5Hiilsr2) and putrescine (C4Hi2^2)> 
are the result of the removal of CO2 from the diamino-acids lysine 
and ornithine respectively. 
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Estimations 

Total Nitrogen. — Kjeldahl’s method of estimating nitrogen consists 
in boiling the material under investigation with strong sulphuric 
acid. The nitrogen is thus converted into ammonium sulphate.- 
Excess of soda is then added, and the ammonia distilled over into 
a 'known volume of standard acid. The amount of diminution of 
acidity in the standard enables one to calculate the amount of 
ammonia, and thence the amount of nitrogen. 

Urea. — By the more accurate urease method the urea is decom- 
posed into ammonia and carbonic acid by means of the enzyme 
urease of ^the soya-bean. The ammonia is then estimated as 
indicated below ; but as the urine always contains a little preformed 
ammonia, this has to be previously estimated and deducted from 
the total The hypolromite method is most convenient. If the 
experiment is performed as directed below, nitrogen is the only 
gas which comes off, the carbon dioxide which is also formed being 
absorbed by the excess of soda. 

Dupre’s apparatus (fig. 181) consists of a bottle (A) united to a 
measuring tube by india-rubber tubing. The measuring tube (0) is 
placed within a cylinder of water (D), and can be raised and lowered 
at will. Measure 25 c.c. of alkaline solution of sodium hypobromite 
(made by mixing 2 c.c. of bromine with 23 c.c. of a 40 per cent, 
solution of caustic soda) into the bottle A. Measure 5 c.c. of urine 
into a small tube (B), and lower it carefully, so that no urine spills, 
into the bottle. Close the bottle securely with a stopper perforated 
by a glass tube ; this glass tube (the bulb blown on this tube prevents 
froth from passing into the rest of the apparatus) is connected to the 
measuring tube by india-rubber tubing and a X-piece. The third 
limb of the T -piece is closed by a piece of india-rubber tubing and 
a pinch-cock, seen at the top of the figure. Open the pinch-cock 
and lower the measuring tube until the surface of the water with 
which the outer cylinder is filled is at the zero point of the 
graduation. Close 'the clip, and raise the measuring tube to 
ascertain if the apparatus is air-tight. Then lower it again. Tilt 
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the bottle A so as to upset the urine, and shake well for a minute, 
or so. During this time there is an evolution of gas. Then immerse 
the bottle in a large beaker containing water of the same tempera tiun 
as that in the cylinder. ' After two or three minutes raise the 
measuring tube until the surfaces of the water inside and outside 
it are at the . same level. Dead off the amount of gas (nitrogen) 
evolved. •354‘0 c.c. of nitrogen are yielded 
by I’O gram of urea. From this the 
quantity of urea in the 5 c.c. of mine and 
the percentage of urea can be calculated. 

If the total urea passed in the twenty-four 
hom's is to be ascertained, the twenty-four 
hours’ urine must be carefully measured and 
thoroughly mixed. A sample is taken from 
the total for analysis, and thus the total 
amount of urea is ascertained. 

Blood Urea. — In cHnical work it is fre- 
quently necessary to compare the concentra- 
tions of urea in blood and urine. The blood, 
after removal of the proteins, is treated with 
soya-bean meal (containing urease) in an acid ' 
phosphate solution; the m-ease converts the 
urea, but none, of the other nitrogenous 
constituents of the blood, into ammonium 
carbonate. The solution is then rendered 
alkaline with potassium carbonate and the 
ammonia drawn off by suction into a measured 
ammmt of standard acid. Subsequent titra- 
tion of the acid indicates the ambunt already 
neutralised by the ammonia liberated from 
urea, thus the percentage of urea can be 
calculated. .Normally this varies from about 
20 mgms. per cent, in young people to 40 or 
50 in older persons. 

Ammonia ^ Soo'ensen’s Method. — When 
neutral solutions of ammonium salts are 
treated with ah excess of formaldehyde, the 

compound hexamethylene tetramine (urotropine) is formed, with 
the liberation from the ammonium salt of a corresponding amount 
of acid ( 4 NH 4 CH- 6 CH 2 O = N4(GH2)6d-6H20-l-4HCl) which can 
be titrated in the usual way. The formaldehyde method 
fairly accurate results. Drine (60 c.c.) is stirred with basic lead 
. acetate (3 gms.) (to remove nitrogenous compounds which interfere 
with the subsequent reaction) and &tered ; potassium oxalate (2 gms.) 
is added to the filtrate which is again stirred and filtered. The clear 
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filtrate (10 c.c.) is diluted with distilled water (50 c.c.) and a few 
drops of phenolphthalein (1 per cent.) and potassium oxalate 

(5 gms.) added. The mixture, if acid, is neutralised with ^ hlaOH. 

iN’eutralised formahn (20 e.c. of 20 per cent.) is finally added. The 
acid thus hberated according to the above equation is then titrated with 
hi hr 

jq hTaOH. Each c.c. of hlaOH used to restore the pink colour 
corresponds to 0^0017 grm. hlHg. 

Aeration (Y an Slyk^e). — ^This gives more accurate results than the 
formaldehyde method. The urine is made strongly alkaline with 
potassium carbonate which decomposes the ammonium salts. The 
liberated ammonia is drawn by suction into a measured amount 
of standard acid. The excess acid not required for neutralising 
the ammonia is estimated by titration and tliis subtracted from 
the original quantity of acid gives the amount equivalent to the 
ammonia. 

Sugar. — ^The estimation depends on the power of monosaccharides 
in virtue of their free CHO group to reduce cupric hydrate in 
alkaline solution to cuprous oxide. 

Fehling’s solution consists of (1) copper sulphate dissolved in 
distilled water; (2) Eochelle salt* dissolved in dilute solution of 
caustic soda. The two solutions are mixed and diluted to a litre. 

Benedict’s solution, which is now generally preferred,, is a similar 
alkaline solution of copper sulphate containing potassium thio- 
cyanate, which forms a white precipitate with the cuprous oxide 
formed so that the latter does not obscure the blue colour of the 
sulphate. It is usually made up so that 25 c.c. of the solution 
are reduced by 0'05 gm. glucose. 

iO c.c. of Fehling’s or 25 c.c. of Benedict’s solution are diluted 
and boiled in a porcelain basin. Into this the urine is run from a 
burette imtil the blue colour of the coj)'per sulphate disappears. 
From the amount of urine used the percentage of sugar contained 
is calculated. If over 1 per cent, is found, the urine is diluted five 
or ten times and the procedure repeated. 

f 

* The Rochelle salt (and sodium citrate in the case of Benedict’s solution) keeps 
the copper in solution. 



CHAPTEK XXXIX 


THE CONSTANCY OF THE INTEKNAL ENVIRONMENT . 

The necessity for the maintenance of a constancy of the internal 
environment was first appreciated hy Claude Bernard, who referred 
to it as “ La fixity du milieu interieur,” which he pointed out is the 
condition of free and independent life. The general problem of what 
may he called homeostasis is well discussed by Cannon, 1929. 

For practical purposes this means that every living cell must, 
in order to preserve its normal activity, be surrounded ,by a fluid 
with certain physical and chemical characteristics, capable of supply- 
ing it with nourishment and with oxygen, and at the same time 
permitting the products of its metabolism to escape from it. In 
the case of the single-celled organism, the external environment 
fulfils these latter requirements, but the environment of the more 
highly evolved organisms is so complicated and variable that very 
special mechanisms have become necessary to provide for each 
cell in the body its suitable environment. Each cell is bathed 
in lymph or tissue fluid which is more or less in equilibrium with 
the blood and for practical purposes, therefore, we may in this 
connection consider the various processes which maintain constant 
the composition of that fluid. The so-called hlood constants are not 
absolute, but are the limits of its variabihty beyond which the 
usual function of the cells it supplies is impossible. 

In order to maintain any constituent of the blood constant, it is' 
necessary either to have an unlimited immediate supply from the 
external environment or to have accessible storage in the body 
which can Be released on demand. The storage may be localised in 
• certain regions of the body or generahsed and must be replenished 
from time to time if its amount becomes reduced. In some 
cases an overflow mechanism is provided should the charging become 
excessive and a fine adjustment is provided in regard to excretion. 
Usually the latter is supplied by the selective powers of the body 
of the kidney tubules to reabsorb substances required by the cells. 

Water and Water Balance. 

Students reading this section should familiarise themselves 
with the physico-chemical principles governing the passage of fluids 
through membranes (p. 291). 

547 
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Water is essential for all bodily processes and particularly 
for the transfer of substances from one part of the body to another. 
It is present normally as “free water” in which a large variety 
of salts are dissolved, but some may he “ bound water ” as part of, 
or attached to, protein molecules where it is less generally available. 

The amount of water is approximately constant in the blood 
and tissues of the body. This is about 70 per cent, of the soft 
tissues generally, but the exact figure depends on the power of 
the body to hold water, the amount of water taken in and the 
amount excreted, formally the need of the body for water is 
indicated by the thirst, provided concentrated substances such as 
salt, sugar, or alcohol have not dehydrated the nerve-endings of 
the tongue (see Thirst). 



Fig. 182. —The dotted lines indicate scmi-pcrmeaUs membrane.'!. 


The source of the water of the body is the diet, not only the 
water we take as such or in various beverages, but that which is 
an essential constituent of articles of food, such as green vegetables 
(over 90 per cent.), fruit (over 85 per cent.), and meat (over 
50 per cent.). 

In addition we manufacture water by the oxidation of the 

V 

hydrogen in most dry foods, such as carbohydrates or fats. The 
volume of oxygen taken in in excess of CO„ given out is that used 
in the oxidation of the hydrogen of fats, but much more water 
is produced in the oxidation of the hydrogen of the carbohydrate 
molecule for more carbohydrate than fat is normally used. Water 
is also released in other chemical reactions, such as the building-up 
of condensation products. Of the total excreted about 40 per cent, 
is produced in these ways. It is calculated that an ordinary mixed 
diet of about SOOO calories produces about 300 c.e. of water. 

Water loss occurs from the skin, the respiratory tract, the fccces, 
and the kidney. On occasions it may also be lost in expectoration. 



OH. XXXIX.] WATEE AHD WATEE BALANCE 549 

tears, hsemorrhage, etc. Normally the water loss is balanced by 
the intake and that manufactured from foods. (See fig. 182.) 

Excessive water loss is prevented automatically by the increased 
concentration of the blood, raising its osmotic pressure so that 
capillary pressure and thereby the production of urine and sweat 
is. counteracted. If, for example, there is excessive sweating it 
eventually stops, but this may be followed by profuse perspiration 
a few minutes later after taking a glass of cold water. 

The kidney, which excretes three times as much water as the 
skin or respiratory tract, may be looked upon as the fine adjustment 
-of water loss,, for in virtue of its glomerular membrane it responds 
most readily to "the concentration of the blood and the blood- 
pressure. If excessive water is lost by any other route of excretion 
the water loss by the kidney is reduced. Thus excessive sweating, 
vomiting, or diarrhoea causes a reduction in the amount of urine. 
The amount lost by the respiratory tract varies in different animals. 
Those which do not sweat excrete larger quantities by the respiratory 
tract as is suggested by the panting — rapid shallow respiration — 
of dogs and sheep on hot days. ' 

If there is excessive loss compared with intake for a prolonged 
time the reduced blood volume and fall of capillary pressure leads 
to a withdrawal of fluid from . the tissues, the skin becoming 
obviously shrunken -in appearance. ■ The amount of water lost is 
determined roughly by the amount taken in, but if salt is taken 
in at the same time it may be held in the body temporarily until 
the salt is excreted. Thus if 1000 c.c. of additional water is drunk 
it is excreted in about three hours, but if this amount of a solution 
of sodium chloride or sodium! bicarbonate is taken the excretion 
may be delayed for forty-eight hours. (See Adolph, 1923.) Eood, 
likewise, may hold up the absorption and excretion of ingested 
water. Other salts, such as magnesium - sulphate, are either not 
wholly absorbed from the alimentary canal or are excreted more 
rapidly by acting as diuretics. Calcium salts reduce the power 
of the tissues to hold water. 

The ingestion by the mouth or even the intravenous injection 
of isotonic salt solution produces, however, a very transient effect 
on the blood volume, the additional fluid rapidly passing into the 
tissues because of the increased capillary pressure and reduced 
osmotic pressure it tends to produce. In excess it tends- to 
accumulate in the serous cavities and the muscles. 

If the water loss has been accompanied by excessive loss of 
saltsi as in the case of sweating, the taking of water to replace that 
lost is not sufidcient; indeed, it may actually so aggravate the 
condition by promoting sweating that the unconsciousness which 
occurs is called “water intoxication,” a term introduced in hot 
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mines in America where this condition is liable to occur. Sodium 
chloride seems to be the chief salt concerned and is discussed below. 

The activity of the kidney is determined by the permeability 
of the capillary walls of its glomeruli and tubules; indeed, it is 
the histology of the capillary walls generally which may be looked 
upon as determining the osmotic pressure of the blood and the 
blood-pressure. (Peters, 1935 ; Mariott, 1923 ; McLean, 1925 ; 
Eowntree, 1922 ; Starling, 1909 : Van Slyke, 1926.) 

Sodinna Chloride. — ^Although in the blood the content of sodium 
chloride remains constant, the mechanisms by which it is brought 
about are by no means clear. It is known that the sodium and 
chloride content may vary independently and it is probable that 
we may consider the sodium as part of the general alkali reserve. 
It is necessary, as we have seen, for the maintenance of the heart- 
beat, and its salts assist materially in maintaining osmotic relation- 
ships generally. (See Macallum, 1926.) 

Sodium chloride is stored particular!}'’ in the skin, whence it 
may be drawn if the salt intake is deficient. The storage becomes 
apparent in sodium chloride deprivation, when the skin content 
is materially reduced. When then a known amount is administered 
there is a considerable retention even if a water diuresis is produced 
(Baird and Haldane). It has also been shown that the chloride 
content of the blood varies inversely with the carbon dioxide content 
(Christy). 

The retention of sodium chloride is profoundly affected by 
removal of the adrenal cortex probably because its hormone is 
intimately concerned with the maintenance of capillary permeability. 
Excessive loss of chlorides may occur from excessive sweating and 
leads to " miners’ cramp ” and even to unconsciousness and death. 
In hot mines and in hot desert climates man and animals both find 
it beneficial to drink salines. Excess salt loss may occur from 
continuous vomiting ox when large quantities of ascitic fluid are 
frequently removed from the abdominal cavit}’’. Excessive fatigue 
and general exhaustion are usual symptoms (McCance). There may 
be a marked loss of weight and impaired kidney function. 

Sodium is the chief metallic ion of the body fluids as its salts 
are freely soluble, but it does not permeate membranes easily. If 
the heart or muscles are deprived of sodium they cease to be 
excitable. 

Potassium Chloride. — Potassium exists in free ionic form in all 
plants in which it is necessary for the formation and function of the 
green pigment ehloroph}E. Deprived of it plants will not grow. 
In animals it is the natural antagonist to calcium for the blood 
maintains a Ca/K balance. Young rats deprived of potassium will 
not grow. It is the most radio-active element in the body. It is 
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the chief metalhc ion inside cells and is released in nerve tissues 
when they conduct impulses (Vanhems, 1934). The potassium must, 
however, always be proportional to the calcium of the blood (as has 
been seen in relation to the heart-beat). Its storage is seen by its 
rapid disappearance from the blood if injected intravenously, while it 
reappears from the liver on sympathetic or adrenaline stimulation 
(D’Silva), but otherwise nothing is known regarding its control. A 
high intake of potassium salts increases the excretion of sodium salts. 

Calcium Salts. — Calcium is probably necessary for the proper 
activity of every living cell. It is necessary for the contraction 
of all muscles, including that of the heart, for the clotting of blood 
and of milk, for the action of some enzymes, and for the formation 
of bone. Calcimn is commonly precipitated in the region of chronic 
irritation or infection, e.g. in infected glands. It is also laid down 
in diseased blood-vessels which may become quite' rigid and brittle 
like pipe-stems. The blood calcium is maintained at about 10 mgs. 
per 100 c.c. of serum and exists in three forms. About 45 per cent, 
of this is non-diffusible and in organic combination, and of the 
diffusible 35 per cent, is ionized. We can say, therefore, that the 
active blood calcium is only about one-fifth of the whole. 

Calcium is absorbed from the food since in neutral or alkaline 
solution the calcium salts are precipitated especially as carbonates 
and phosphates. Some biochemists hold that absorption takes place 
chiefly in the jejunum where the reaction is most acid and is 
greatly facilitated by fats and lactose which produce fatty acids 
and lactic acid; but it is doubtful if the jejunum is acid in the 
living animal.* Its absorption probably depends more on bile salts, 
amino-acids and vitamin D, as stated on p. 3 74. Calcium is stored 
in the bones. Birds, under the influence of their sex hormones grow 
special bone in the medullary cavities of their long bones as a calcium 
storehouse to be drawn upon for egg-shells just as mammals draw upon 
bone calcium stores for milk. If absorption is inadequate, faulty 
ossification of the bones takes place. (See Yitamin D and Eickets.) 
Calcium is excreted by the large intestine and kidney, but little is 
known about its excretion. In the maintenance of the blood calcium 
constant the parathyroid glands play an important role. 

There is increasing evidence from experimental work on isolated 
tissues that the calcium-potassium balance in the blood is of the.. 
utmost importance, and although no diseases have as yet been 
shown elearly to be due to an imbalance it seems most probable 
that it will one day have a more practical significance. (See 
Hunter and Hess, 1929.) 

* Killing or an®sthetisation of the animal relaxes the pylorus and allows acid 
through. 
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The Parathyroid Glands. 

These are small bodies, usually four in number, situated near 
or embedded in the substance of the thyroid. They are made up of 
elongated groups of polyhedral cells, bound together by connective 
tissue, and well supplied with blood-vessels. In addition to these 
chief cells, eosinophile ceUs are found in small mxmbers. Some have 
supposed that parathyroid is only immature thyroid tissue, but a 
study of development shows that the parathyroids have a different 
embryonic origin from the thyroid, and in the lower vertebrates the, 
two organs are entirely distinct. Most of the facts concerning the 
thyroid were discovered previous to the recognition of the para- 
thyroids, and it- has gradually become evident that in removing the 
thyroid it was really the simultaneous removal of the parathyroids - 
which caused the nervous symptoms. The most prominent signs 
after extirpation of the parathyroids are those of tetany (muscular 
spasms and twitchings). 

When SchifP removed the thyroid gland in dogs he found that , 
some did not die for some time, but others died in convulsions after 
a few days. Later work showed that in the animals and human 
beings which died rapidly after operation the loss of the parathyroid 
glands was really responsible. To-day when the thyroid is removed 
in the treatment of goitre two parathyroids are left with the lower 
poles of the gland. 

In 1909 MacCallum and Voegtlin found that in tetany there was 
a reduction of the blood calcium, but it was not until CoUip prepared 
an active extract in 1925 tliat the relationship was accepted. An 
animal in which the parathyroids are removed is convulsive, has 
an excessively rapid heart, and would die from exhaustion witliin 
forty-eight hours ; but it may, by the injection of the extract, he 
kept alive. Fui'ther, the blood calcium, which may have fallen to 
about half the normal 10 mgr. per 100 c.c. of blood, will rise, 
possibly well above normal. As the blood calcium rises there is 
a corresponding fall of blood phosphorus. 

On the other hand, it is found that if excessive parathyroid is 
administered the blood calcium may become double the normal, 
and instead of there being the hyperexcitability seen above, there 
is a general depression of the nervous system with drowsiness, 
muscular flaccidity and unconsciousness, wliich results in death. 
Clotting of the blood occurs in the vessels immediately after death. 

G-landular tumours of the parathyroid have now been described 
in man. Such subjects, show softening of the bones as a result of 
increased calcium mobilisation, but the condition is now recognisable 
before the nervous symptoms appear. 

An excessive loss of calcium occurs in the female when pregnant 
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or lactating, and if the diet is deficient in calcium the serious 
condition of osteomalacia which is associated with generahsed 
softening of^ the hones may occur. The disease is seen- not 
infrequently in China and India. In cows after calving the similar 
but rapidly fatal disease of “milk fever” was seen commonly in 
Britain. The recovery of the animal almost at the point .of death 
if calcium is administered as calcium gluconate, or if air is injected 
into the udder to prevent calcium excretion, is dramatic. 

There is, however, considerable doubt as to how parathyroid actk 
It may affect the osteoclastic cells of hones directly, but it may act 
indirectly by an action on the kidneys. The latest work appears to 
support this view. Bor example, the rise of blood calcium produced 
by parathyroid extract is prevented by removal -^of the kidneys, 
tying the ureters or the renal vessels. The rise of- blood calcium 
is also prevented by administering acid sodium phosphate at a rate 
which prevents the fall of blood phosphorus which would occur. 
This latter observation suggests that the action of the parathyroid 
may be primarily on the phosphorus excreting mechanism of the 
kidney. (Collip and Neufeld.) 

We must understand that in the regulation of calcium metabolism 
the parathyroid co-operates with other agencies, e.g., with the vitamin 
D of the diet, which influences calcium retention in the body. 

It has also been shown that the hormone of the parathyroid has 
the power of retarding the growth of young animals (Collip), but 
how this is brought about is unknown. It has been suggested that 
this action is distinct from an effect on the blood calcium, but this 
is uncertain. 

In addition to the above function, considerable evidence has been 
put forward by Noel Baton and by Burns that the parathyroid 
is also concerned with the protection of the body against the sub- 
stance guanidiue, which is closely related to the creatine of muscle or 
methyl-guanidine acetic acid. How this fact may be related to the 
other activities of the gland is unknown. 


Phosphorus. 

This account of the role of phosphorus in the body is given in 
summarised form, as details are discussed elsewhere in appropriate 
sections. 

Phosphorus . is essential for all organic life and occurs in 
the blood of . man to the extent of 24 to 52 mgs., per 100 c.c. The 
organic phosphorus occurs for the ruost part in the plasma as 
glycerophosphate, hexosephosphate and nucleotides: the phospho- 
lipides are in the corpuscles. The inorganic phosphates may be 
half the normal (4 to 6 mgs.) in rickets, but if we may judge from 
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the conamon occurrence of phosphates in tonic medicines, phosphorus 
deficiency is common, especially after infection. 

The actual level of . the blood phosphorus appears to depend 
on the activity of the parathyroid gland (see above). It varies 
' inversely as the calcium. It falls when parathyroid extract or 
insulin is injected. 

Phosphorus is concerned : 

1. In the formation of hone and teeth. 

2. In the formation of many organic substances, phosphoproteins, 
nucleic acid, phospholipides, creatine phosphate, adenyl pyro- 
phosphate and the hke. 

' 3. In the buffering of the blood and other body fluids. 

4. In the transport of fat and lipides. 

5. In the chemistry of muscle contraction. It appears to be 
specially important in the breakdown of glycogen (see Chemical 
Changes in Muscle) for which phosphoryllation, i.e. the adding of 
phosphoric acid, is essential 

6. In the activities of the alimentary canal. Phosphates, if 
injected intravenously or if applied to isolated gut in Einger’s 
solution, exercise a marked stimulating action on intestinal move- ' 
ments. Por some unexplained reason the administration is of great 
value in the treatment of intestinal flatulence. 

It is excreted chiefly in the urine in combination with sodium, 
potassium, magnesium and ammonium, the actual salt depending 
on the reaction of the urine. (See Urine.) 

About a third is excreted in the feeces according to the necessity 
to get rid of alkali and undigested organic phosphorus. 

Glucose is necessary as a fuel and provides almost a complete 
example of the principle of constancy of internal emdronment. It 
is stored particularly in the muscles and in the liver. The further 
needs of the muscles are met by use of the store in the liver which 
is replenished from the diet. Hunger probably represents the call 
of the body for carbohydrate (Lawrence), but no doubt the sensation 
has become vitiated. The liberation of the liver glycogen is brought 
about by the secretion of adrenaline and probably by nervous 
stimulation, and the storage in the muscles and in the liver by the 
action of insulin. If the liver glycogen gets used up, as in starvation, 
protein and fat provide the necessary fuel. The subject has been 
discussed at length under Metabolism of Carbohydrates. 

Fat and Amino-Acids are dealt with in the sections on Pat 
Metabolism and .Protein Metabolism, but as yet we have little 
information as to how the constancy of the blood composition in 
regard to them is maintained. 

Body Temperature. — See separate chapter. 


/ 
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Hydrogen-ion Concentration. — See separate chapter on the 
Acid-base Equilibrium of the Body. 

Blood Gases. — These have been dealt with in relation to 
respiration. As the supply of oxygen and carbon dioxide is 
normally unlimited, no storage is necessary — the more sa.as carbon 
dioxide can be replaced in the blood to some extent by chlorides. 
The storage o’f oxygen which occurs in foodstuffs is negligible, 
since the body at rest requires about 300 c.c. per minute. 
Excessive excretion or accumulation of carbon dioxide is prevented 
by the chemical control of the respiration. 

Hormones. — Probably the products of the ductless glands which 
have a continuous action are present ’ in the blood in. minimal 
amounts which may be greatly increased from time to time, 
but the exact mechanisms concerned are in most instances not 
understood. 


The Natural Mineral Appetite. 

A most remarkable fact is that animals apparently develop a 
craving for minerals deficient in the diet. Eats prefer calcium 
solutions to water if deprived of calcium, especially after para- 
thyroidectomy. In some areas short of minerals animals develop 
diseases due to the eating of skeletons, and in .. moorland areas 
animals welcome “salt licks.” In the campaign in Sinai, 1915-17, 
horses and uninstructed men were found to prefer brackish water 
to fresh. Evidence on these points is accumulating. 
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THE ACID-BASE EQUILIBEIUM OE THE BODY 
The Reaction of Pltiids 

When hydrochloric acid is added to water, the water becomes acid 
because the HCl dissociates into its component ions of hydrogen 
and chloriae. If a more complex acid such as acetic is used, its 
hydrogen forms one ion and the remainder of the acid another. 
The acidity or alkalinity as determined by titration in the ordinary 
way gives not only the dissociated but also the undissociated acid 
and therefore gives little information regarding the activity of the 
solution. The real strength or degree of acidity depends on the 
number of hydrogen-ions present in the solution. HOI is a strong 
acid because the dissociation is nearly complete; lactic acid is a 
weak acid because the number of free H-ions is less, and their 
concentration does not rise proportionally to the amount of lactic 
acid present. 

In the same way the degree of alkalinity of a solution depends 
on the concentration of hycfioxyl (OH)-ions. But in any solution 
if the concentration of H-ions is multiplied by that of OH-ions the 
product is constant. 

In a solution which turns blue litmus red, the H-ions preponderate 
but OH-ions are not absent; in a solution which turns red litmus 
blue the reverse is the case. 

Pure distilled water dissociates to a trifling extent into H and 
OH-ions which of necessity are equal in number and we call water 
neutral, not because it is neither acid nor alkaline but because it is 
both in equal degree. Lactic acid is a weak acid because it undergoes 
less dissociation than, say, HCL 

Hydrogen-ion Concentration. — How since it can be shown that 
in any solution the product of the concentration of H-ions 
multiplied by . the concentration of OH-ions is constant, the_ 
concentration of hydrogen - ions in a solution may be used to 
express either acidity or alkalinity. In pure water it has been 
determined by experiment that the concentration of hydrogen-ions, 

i.e. the cH per litre is O'OOOOOOl, qq ' q qqq gram, or'— , or as it 

is more commonly expressed, 10"’'. 

656 
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The. H-ion concentratioii of the hlood is alniost incohceivably 
small, being only 0-000000032 or one gram-ion in 32 milhon htres. 
Small as ^ this number is, slight variations in it produce profound 
physiological disturbance ; if, for instance, the figure in arterial 
blood rose to 0-000000034 breathing would be appreciably affected, 
and if it rose to 0-00000005 the person would be hopelessly out 
of breath. 

pS. — For convenience the numerical value of the power only 
is used ; water is thus described as having a pH (power of hydrogen) 
of *7. Since this is neutrality, acid solutions have a- pH ranging 
from 0 to 7' and alkaline solutions vary from pH 7 to 14. Hence, 
as pH increases the acidity or hydrogen -ion concentration decreases 
and vice versa. 

It is to be noted that the pH scale is a logarithmic one and 
therefore a change of pH from 6 to 7 represents a much larger 
change in hydrogen-ion concentration than does a change from 7 to 8 . , 

The Betermination of the ]pH of physiological fluids is usually 
carried out by the colorimetric method in which advantage is taken 
of the fact that certain dyes change their tint according to the 
hydrogen-ion concentration of the fluids in which they are dissolved. 
Thus, for example, phenol red goes through a series of changes 
from yellow to red between pH 6‘8 and 8*4. Different indicators 
have different ranges and neutral points. The old-fashioned litmus 
changes from blue to red at about 6 - 6 . Congo red, on the 
other hand, changes from red to blue at about 4, hence its value 
in distinguishing between HCl of the gastric juice and the less 
dissociated organic acids such as lactic and butyric. In making 
the determination the indicator is added to the unknown fluid 
and the colour compared with a series of standards of which the 
pH is known. The indicator method, although very accurate for 
most purposes, is liable to be inaccurate in the presence of protein 
and salts. In determining the pH of blood,'therefore, certain special 
procedures must be carried out (see p. 558). 

Electrical Method . — This is really the original method and consists 
in determining the electromotive force set up between a hydrogen 
electrode and the free hydrogen-ions in solution. The method is 
still used when the indicator method is unsuitable and for checking 
standard solutions made up in the ordinary way. 


The Reaction of the Blood, 

Blood' is a fluid which is alkaline to litmus. It contains 
H-ions but they are overbalanced by OH-ions. The principal acid 
to which -this hydrogen-ion concentration is due is carbonic acid 
(H 2 OO 3 ), and if -carbonic acid gas (COg) is passed into water, or 
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a physiological saline solution, in increasing amount, the concentra- 
tion of hydrogen-ions increases also. Carbonic acid is continually 
being thrust into the blood by the tissues, and the reaction is but 
little disturbed because of the mechanisms which exist for its 
transport. The maintenance of the acid-base equilibrium in the blood 
is most important. The various cells and tissues it nourishes demand 
a reaction which is almost neutral, and perhaps there is no other 
collection of cells which are so sensitive to variations from the 
normal as those which make up the respiratory centre ; ' the figures 
already given show how a very slight increase in the hydrogen-ion 
concentration of the blood stimulates them to excessive action, and 
produces exaggerated breathing (hyperpncea). 

We have now to consider the way in which the normal acid-base 
relationship is maintained, and to discuss more fully the effects 
which ensue when this balance is upset. In relation to the trans- 
port of COg by the blood we saw that the majority of it became sodium 
bicarbonate and a small quantity of it remained in free solution in the 
plasma. Both these substances can readily be got rid of according 
to the requirement of. the body. For practical purposes therefore it 
is convenient to consider that, although there are a multitude of 
substances in the plasma, only two need be taken into account. 
One of these, COg, when dissolved in water is acid (HgCOg); the 
other, sodium bicarbonate (HaHCOg), is alkaline. The way in 
which the relative concentrations of these two substances 'affect 
the hydrogen-ion concentration of the blood is quite simple, \’iz., 
that the hydrogen-ion concentration varies directly with the ratio 
(normally of the one substance to the other. For convenience 
it has been agreed that the words “ concenti’ation of” shall be 
expressed by square brackets and hydrogen-ion by H’. Concen- 
tration of hydrogen -ions is thus abbreviated to [H’], and this as 


stated above varies as i or what comes to the same thing • 

[NaHOOgJ ° 


^[HgCOg] j ^ ^ ^ 

[H * being a constant. 


In relation to acidemia and alkalcemia below, we shall see that 
the body has many mechanisms by which this ratio is kept constant. 

The reaction of the blood may conveniently be determined 
by the method of Dale and Evans, which consists essentially of 
placing the blood in a small dialysing bag inside a small tube of 
physiological saline and subsequently, when dialysis has taken place, 
determining the [H'] of the saline. Or the blood may be centrifuged 
■and the [H'j of the plasma, diluted, taken. 

In each case the blood is kept under oil to prevent loss of COc 
Oxalate is added to prevent clotting and fluoride to prevent glycol}'’sis. 
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The [H ] is determined colorimetrically by comparing the colour 
' of the fluid with salines or diluted plasmas respectively of known 
H-ion concentration to which indicators have been added. 

The reaction is normally about pH 7-4, but life is possible with 
a much more alkaline blood. Death however occurs if the blood 
becomes acid to a very slight degree. We shall see however below 
that the body is well provided with mechanisms to prevent this 
occurring. 

Acidsemia. 

In acidaemia there is a tendency of the blood to become acid. 

This occurs, physiologically, in muscular exercise when large 
quantities not only of carbon dioxide but also of lactic acid are 
thrown into the circulation. The lactic acid is dealt with in several 
ways and in disease the body deals with other acids similarly. Tirst 
there are the “ Buffer Substances,” wMch are so called because they 
" soak up ” the acid, so to speak. They are the sodium bicarbonate 
and the alkaline sodium phosphate of the blood, which react with 
acid thus — _ 

NaHCOs+HL = NaL + Hp + COg 

[Sodium bicarbonate+laotio acid.] = [Sodium lactate+water+carbon dioxide.] 

NagHPO^+HL = NaX + KaHjPO^ 

[Alkaline sodium phosphate 4-laotic acid] = [Sodium laolate+acid sodium phosphate.] 


The carbon dioxide formed from the bicarbonate stimulates 
respiration and is excreted by the lungs and the acid sodium phosphate 
is excreted by the kidney. The reaction of the blood, therefore, 
remains practically unchanged since the substances formed are little 
dissociated and are rapidly got rid of. ■ _ _ 

The haemoglobin proteins of the blood also take up acid since they, 
are amphoteric. It should be noted that the buffering power ^ of 
these various constituents is by no means equal The relative 
values of the different buffers may he represented by the figures : 
bicarbonate 64 per cent., haemoglobin 29 per cent., plasma proteins 

and phosphates, 7 per cent. ... 

The Alhali Reserve of the Body. — :We .have seen in relation 
to the carriage of carbon dioxide that the alkali available in the 
blood itself for the transport of this and other- acids is known as 
the alkali reserve of the blood, but it is now evident that this alkali 
by no means exhausts the resources of the body in this respect. 
(See Transport of Carbon Dioxide.) 

In addition, the body makes use of the a,mmonia wmch, we 
have seen, appears as a product of protein metabolism. 
function appears to be carried out by the kidney, which has the 
power of breaking down urea ■ and of utilising the ammonia so formed 
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to neutralise' acid. The evidence that the kidney does this is that 
the renal vein may contain more ammonia than the artery and in 
renal disease, although an acidsemia may he present, the ammonia- 
urea ratio is imaltered (McLean). In severe exercise there -is, then, 
an increased excretion of ammonium salts, with a corresponding 
diminution in the urea content of the urine. The latter becomes 
more acid because, as we have seen, of the increased excretion of the 
acid sodium phosphate. These facts, together with the fall of the 
alveolar GO^ which results from the stimulation of the respiratory 
centre, have an important clinical significance, as they may he taken 
as evidence of the presence of abnormal acids in the blood, such as 
may be produced from the faulty oxidation of fats in diabetes. 

A mild degree of acidaemia takes place on a meat diet because of 
the sulphur of protein which requires alkali to convert it into 
sulphates, and all the characteristic changes in the urine are observed. 

Several other mechanisms also assist in maintaining the reaction 
of the blood, formally the animal takes in an excess of alkaline 
phosphates which are excreted by the bowel. In acidaemia, more of 
this phosphate is retained. 

It has been shown also (Christy) that the more COg there is 
in the blood, the less the chloride; indicating that the tissues 
have some power to take up acid in an emergency. This chloride 
may, in part, be excreted by the kidney, but not wholly so, as 
it may return to the blood if the COg falls. This emphasises 
the fact that the alkali reserve may be held, quite properly, to 
refer to the whole body, since every one of its cells is capable of 
taking up in the same way a small amount of acid in virtue of 
the buffer substances it contains. 

When the body succeeds in thus overcoming the addition of 
acid without there being any actual rise of the hydrogen-ion concen- 
tration of the blood, the acidaemia is said to be compensated; but 
as soon as the compensation fails and the hydrogen-ion concentration 
of the blood rises, a condition is very soon arrived at which is 
incompatible with life. 


Alkalaemia. 

In alkalsemia the blood tends to become more alkaline. Such 
a condition may be produced when an individual over-ventilates 
volimtarily, or as a result of stimulation of the respiratory centre 
by heat, e.g. a hot bath, or at a high altitude when probably the 
want of oxygen stimulates the respiratory centre. It is' observed, 
to a small extent, in the early forenoon, when respiratory acthdty is 
very great. Clinically it may be the cause of death in cases of 
prolonged yomiting which leads to an excessive loss of hydrochloric 
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acid from the stomach. In snch circumstances we have the opposite 
state of affairs to that in acidsemia — ^namely, decreased excretion of 
ammonia by the kidney and increase of urea, with ah alkaline urine 
due to the excretion of alkaline sodium phosphate. Eurther, since 
the HgCOg is reduced, it becomes necessary, in order to keep the ratio 
H CO ^ 

l i aHCO ^-t^out ^th, to excrete bicarbonate by the kidney, which 

still further contributes to the alkalinity of the urine. There is, 
then, a diminution of the alkali, reserve of the blood, not because of 
acidsemia, but as a compensation for an alkalsemia (Henderson). 

This compensation is an important factor in adaptation to high 
altitudes where as a result of oxygen-want there is a stimulation of 
respiration which causes a washing out of carbon dioxide. 

A tendency to alkalsemia exists normally when a .vegetable diet, 
which produces largely alkahne substances, is taken and a similar 
tendency is said to occur when the* stomach secretes HGl. - 

In such circumstances, not only do we get urinary changes, but 
the respiration is automatically depressed slightly, the alveolar 
content of the carbon dioxide increases and acid i^ thereby retained ; 
chlorides also pass into the blood from the tissues (Christy). 

In alkalsemia there occurs 'a diminution in the ionic calcium of 
the blood with an increase in the un-ionized. Severe- degrees .of 
alkalsemia for this reason bring about tetany — i.e. spasms of certain 
muscles, especially of the hands and feet. The facial nerve is 
commonly hyperirritable to tapping. (See Parathyroid Glands.) 

Alkalsemia is important clinically, not only because it may cause 
death after excessive vomiting, but the alkalinity of the urine causes 
crystals, notably those of phosphates, to be precipitated and great, 
irritation of the urinary bladder may be caused. 

The Hydrogen-ion Concentration of Other Body Fluids. — It 
seems probable that conditions liable to change the reaction of the 
blood will change the reaction of all fluids made from the blood. 
We have already seen this in relation to the urine, but the same 
probably applies to tears and, what is of more importance, to 
digestive secretions. This is certainly true of sahva, which may 
change its reaction very appreciably (Mathur) in response to diet 
and other conditions. 
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THE FUNCTIONS OF THE SKIN 

Protection. — The protection depends on the epidermis, that is, 
thick layers of epithelial cells which become flattened and even 
horny in those areas such as the soles of the feet where there is 
much hard wear. The superficial layers are constantly being 
replaced by the growth of the cells in the deeper layers which 
gradually flatten as they approach the surface. In the process 
some of the protoplasm of the cells becomes transformed into 
granular eleidin which characterises the stratum granulosum, but 
gradually the cells clear to form the stratum lucidum until the 
keratin of the horny surface layer is formed. The nails are 
tliickenings of the stratum lucidum. 

The protection afforded by the skin is still further enhanced by 
its movement on the underlying structures which causes blows 
to glance off. 

In regard to the body as a whole the skin gives even more 
protection by its possession of nerve-endings, stimulation of wliich 
gives rise to protective movements. In some animals sensation is 
increased by the possession of hairs {e.g. whiskers of cats) with 
specialised receptors at their bases. (See Danforth, 1939.) 

Heat Regulation. — See chapter on Body Temperature. 

Respiration. — A. small amount of respiratory interchange of 
gases occurs through the skin, but in thick-skinned animals this is 
very small. In man, the carbonic acid exhaled by the skin is about 
TTtr ^0 "sw of which passes from the lungs. But in thin- 
skinned animals, such as frogs, cutaneous respiration is very 
important; after the removal of the lungs of a frog, the respiratory 
interchange through the skin is sufficient to keep the a nim al aMve, 
the amount of carbonic acid discharged being about half as much as 
when the lungs are present (Bischoff). 

Absorption. — This also is an unimportant function; but the 
skin will in a small measure absorb oily materials placed in contact 
with it ; thus many ointments are absorbed, and general effects are 
produced by inunction of substances dissolved in animal fats.* 

* Many alleged cases of poisoning through the skin are really due to minute 
quantities being taken in by the nose or mouth. 
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Secretion.— The secretions of the skin are two in number. The 
sehum is the natural lubricant of the hairs. The .secretion of siveat 
is an important function of the skin, and. we will therefore discuss it 
at greater length. 

Blood Depot. The skin also functions as an important store- 
house of blood, which is called upon whenever blood is needed in 
the muscles or other organs. Thus, pallor of the skin is produced, 
and the subject looks pale in a variety of states such as hsemorrhage’ 
cold, anger, fear, and infections, which bring about sympathetic 
stimulation as a compensatory mechanism. When .the blood is 
withdrawn from the skin its temperature falls and the subject 
may feel chilly. 

The blood is stored in the rich vascular sub-papillary plexuses 
of the dermis or true skin. It has been estimated by Barcroft that 
■ the skin of an adult may hold about a litre of blood. 

The Sweat. 

The Secretion of Sweat. — The sweat-glands are most abundant 
in man on the palms and soles, and here the greatest amount of 
perspiration occurs. Different animals vary a good deal in the 
amount of sweat they secrete, and in the place where the secretion 
is most abundant. Thus the ox perspires less than the horse and 
sheep ; perspiration is absent from rats, rabbits, and goats ; pigs perspire 
mostly on the snout ; dogs and cats on the pads of the feet only. 

The glands which produce it lie in the deeper layers of the 
skin and have long ,corkscrew-like ducts which pass through the 
more superficial layers to the surface. When the sweat glands are 
studied in more detail they may be divided into two types : (1) the 
apocrine or large glands which are derived from the hair follicles 
and which include the ceruminal glands of the ear^ those of -the 
eyelid, and the mammary glands. The change of the mammary 
gland from a sweat gland to one which produces milk is an 
interesting study in evolution; (2) the small or eccrine glands 
which are derived from the epidermis and scattered all over the 
body. The distribution of the large glands varies very much from 
individual to individual and from race to race. They are said to 
be in many instances of sexual significance and to become less 
so as we ascend the evolutionary scale. In humans the small 
sweat glands predominate, and the large glands are restricted to 
the face, ears, axillae, and the sexual areas. 

As long as the sweat is small in amount it is evaporated frorn 
the surface at once ; this is called insensible perspiratwn. ^ There is. 
however, some evidence that the insensible perspiration is. not 
secreted but diffused as water vapour through the epithelium. 
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for it is present in those persons in whom there is a congenital 
absence of sweat glands. (Knno, also 'Whitehouse, Hancock, and 
Haldane.) As soon as sweating is increased or evaporation pre- 
vented, drops appear on the surface of the skin. This 'is known 
as sensible perspiration. The relation of these two varies with 
atmospheric conditions ; the drier and hotter the air, the greater is the 
proportion of insensible to sensible perspiration. In round numbers 
the total amount of sweat secreted by a man is about 450 c.c. 
in the twenty-four hours, but it may rise to 10,000 c.c. in extremely 
hot dry atmospheres, especially if there is muscular exercise. 

Composition of the Sweat. — Sweat may he obtained in abundant 
quantities by placing the animal or man in a closed hot-air bath, or 
from a limb by enclosing it in a vessel made air-tight with an elastic 
bandage. Thus obtained, it is mixed with epidermal scales and a 
small quantity of fat-like matter from the sebaceous glands. The 
continual shedding of epidermal scales is in reality an excretion. 
Keratin, of which they are chiefly composed, is rich in sulphur, and, 
consequently, this is one means by which sulphur is removed from 
the body. 

The reaction of sweat is acid, and the acidity, as in the urine, is 
due to acid sodium phosphate. In profuse sweatiog, however, the 
secretion usually becomes alkaline or neutral. It has a peculiar 
and characteristic odour, which varies in different parts of’ the body, 
and is due to volatile fatty acids; its taste is saltish, its specific 
gra-vity about 1005. 

The percentage of solids is approximately 1% -of which 0’8 
is inorganic matter. 

The salts are in kind and relative quantity very like those of the 
urine ; sodium chloride is the most abundant salt. Kimke was imable 
to find any urea, but most other observers agree on the presence of a 
minute quantity. It appears to become quickly transformed into 
ammonium carbonate. 

In severe muscular exercise the excretion of lactate may be 
very considerable in the first half hour, but it then falls off (Kimo).' 
This substance appears to be a special excretion of the sweat-glands. 

Because of the salt excretion by the sldn patients suffering from 
kidney disease and deficient excretion are usually subjected to hot 
air baths. It seems doubtful if this is of any appreciable value 
in view of the small amount in the sweat, but it may be that in 
kidney disease this excretory function of the skin is increased. 

The cerumen is a specialised secretion produced by modified 
sweat-glands in the external ear. ' 

l^e sebum is a fatty secretion containing isocholesterol in 
addition to fat and is produced by glands round the roots of the 
hairs to which it acts as a lubricant. The open ducts of the glands 
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are often apparent on the nose. It is the blockage of these glands 
which gives rise to blackheads and papules, especially in young 
adolescents. The dried secretion which blocks the ducts may he 
dissolved out by fat solvents. Sebaceous glands occur in the lips 
and glans penis independently of hairs. The sebum extracted from 
sheep’s wool is known as lanoline which is much used as a basis 
of ointments and face creams. 

The Control of Sweat Secretion. — There are probably two 
types of sweat secretion, the hot or thermal sweat and the mental 
or cold sweat, but whether the mechanisms for them are different 
has not been determined. 

Thermal sweating is generalised and occurs when the body 
temperature is raised by increased metabolism, commonly that "of 
muscular exercise or when the external temperature is high. It 
is not present, however, on the pahns of the hands and soles of 
the feet. It is brought about through the operation of the heat- 
regulating mechanism discussed in the next section. 

The application of heat to a part of the body may, however, 
cause local sweating by direct action on the glands or by a local 
reflex. Sweating is accompanied by a dilatation of the blood-vessels 
of the region, presumably the result of the production of metabohc 
products. 

Mental sweat, on the other hand, predominates on the palms and 
soles, but it is also present in the head and neck and elsewhere. 
It occurs in many different lands of emotion, even doing mental 
arithmetic. It may be produced experimentally (Kuno) by touching 
any very hot object, such as an electric globe, with the finger for 
a few seconds. The term mental is held to include that produced 
by sensory stimulation. 

In muscular exercise the sweating is both thermal and mental. 
Sweating is reduced by cold, which at the same time reduces the”^ 
cutaneous circulation. It is also reduced by dehydration, whether 
the result of deprivation of fluid intake or by sweating itself. 
When the latter occurs, and this is common in hot countries, the 
taking of a glass of cold water which dilutes the blood produces a 
profuse sweating. 

The exact nervous mechanisms concerned in sweating are not 
completely understood, and different animals appear to vary 
appreciably. 

The sweat-glands are supplied with sympathetic nerves (Langley), 
but are peculiar in being stimulated by pilocarpine like other glands 
and paralysed by atropine. If, for example, the sympathetic nerves 
supplying the arm are removed surgically, as is not infrequent 
to relieve spasm of the blood-vessels in the hand (Eaynaud s 
disease), the arm no longer takes part in generalised sweating. 



566 THE SKIN , [CH. XLI. 

Adrenaline produces profuse sweating in the horse and sheep, 
hut not in man. 

Excretion t>y tlie Skin. — In addition to the normal constituents 
of the blood referred to above the skin excretes drugs which may 
be administered, notably mercury, arsenic, quinine, iodine, while 
in diseases a vast variety of substances, cystine in cystinurics, 
glucose in diabetes, albumin in rheumatism, and many others, have 
been found. (Kuno.) 


The Hairs. 

In man the hairs appear to be largely vestigial, that is, a relic 
of our hairy ancestors, but many individuals are much more hirsute 
than others. 

In the lower animal hairs subserve several functions. They 
materially assist in the conservation of heat and in altering the 
apparent size of the animal, and in both these functions the)*- may 
be erected by the small muscles, the arrectores pilorum, at their 
bases. 

It seems probable that in man the hair in the flexures acts like 
a lubricant to reduce friction, and on the head is, like the looseness 
of the scalp, of advantage in protecting the skull against injury 
by allowing slip on the cranium. 

The Pigment of the Skin. 

Pigment becomes deposited in the skin in response to irritation. 
It is seen particularly in response to light or friction. It occurs 
in the face and hands to a slight extent, but is marked in the 
region of the external genital organs and nipples, especially in women 
who have suckled infants. Pigmented moles are common. 

The pigment is melanin which is probably produced from 
tyrosine {q.v.). 

Adrenaline is also made from tyrosine (see adrenaline) and in 
disease of the adrenal glands excessive pigmentation of the skin 
is usual. It may be that the tyrosine not used for the making 
of adrenaline is converted into melanin. 

The melanin in the skin of the coloured races depends on 
hereditary factors. 
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BODY TEMPERATURE 

Since departures from the normal body temperature are among 
the fundamental physical signs of disease, and since observations of 
the temperature of the patient are only less frequent in medical 
practice than those of the pulse or of the tongue, it is necessary to 
have as complete an understanding as possible of the principles that 
regulate the fluctuations of the clmical thermometer. 

Animals may be divided into two great classes : — 

(1) Warm-blooded or homoiothermal animals are those which 
have an almost constant temperature. (Mammals and birds.) 

(2) Cold-blooded or ^poikilothermal annuals are those whose 
temperature varies with that of the surrounding medium, being 
always, however, a degree, or a fraction of a degree, above that of the 
medium. This class includes reptiles, amphibians, fish, embryonic 
birds and mammals, and probably all invertebrates. 

The temperature of a man in health varies but slightly, being 
between 35'5° and 37’5° C. (97° to 99° E.). Most mammals have 
approximately the same temperatime : horse, donkey, ox, 37'6° to 
38° ; dog, cat, 38’5° to 39°; sheep, rabbit, 38° to 39’5° ; mouse, 37’5° ; 
rat, 37'9°. Birds have a higher temperature, about 42° C. The 
temperature varies a little in different parts of the body, that of the 
interior being greater than that of the surface ; the blood coming 
from the liver, where chemical changes are very active, is warmer 
than that of the general circulation ; the blood becomes rather 
cooler in its passage through the lungs and the skin. 

The temperature also shows slight diurnal variations, reaching a 
maximum about 4 or 5 P.M. (37’5° C.) and a minimum about 3 a.m. 
(36-8° C.), that is, at a time when the functions of the body are least 
active. If, however, the habits of a man are altered, and he sleeps in 
the day, working during the night, the times of the maximum and 
minimum temperatures are also inverted. Inanition and inactivity 
cause the temperature to fall, and just at the onset of death it may 
be below 30° 0. Active muscular exercise raises the temperature 
temporarily by about 0'5° to 1° C. 

Since . the temperature of the body depends on the difference 
between the amount of heat produced and the amount lost, we shall 
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now consider heat production and heat loss in turn, and then study 
the way in which these are normally adjusted for the maintenance of 
a nearly constant temperature in the homoiothermal animal 


Heat Production. 

(1) Effect of Changes of External Tamjcerature . — ^In theory there is 
a fundamental difference' between cold- and warm-blooded animals in 
their reactions to external temperature. A cold en-vdronment, since 
it lowers the temperature of the poikilothermic creature, reduces the 
metabolism of all its tissues, and thus reduces its heat production. 

The warm-blooded individual reacts in precisely the opposite way. 
Since his temperature remains constant, his heat production increases, 
in order to neutralise the effect of his cold surroundings. This has 
been demonstrated in the case of fasting dogs. An example may be 
given : — 


Temperature of air. 

lE-8” c. 

14 C. 

lT-3* C. 

Heat production in calories 
per kilo per diem . 

787 

74-7 

69-8 


In practice it is doubtful whether any such exact relation can be 
discerned in man, as it may be masked by other factors. We have 
already insisted upon the eTnality between the respective energy- 
values of the food eaten and of the heat produced, and upon the 
advantage of an ample diet. In practice it is the amount of food 
taken which controls the heat production, rather than the reverse. 
The majority of well-to-do people, whose appetite is stimulated by 
their palate, maintain a constant body temperature by regulating 
the loss rather than the production of heat. In this connection the 
following figures, derived from observations made upon a dog which 
was fed upon considerable quantities of meat, may be compared with 
those obtained when the same animal was fasting. 


, Temperature of air. 

B 

15* C. 

20' C. 

25' C. 1 EO'C. 

i 

Calories per kilo per diem — dog\ 
fasting J 

86-4 

63-0 

55*5 

54-2 i 56-2 1 

■I i 

Calories per kilo per diem — dog 1 
given 320 g. meat = 81 calories per > 
kilo \ 

87-9 

86*6 

86-2 

... 

83*0 
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In the fasting dog a lowering of the surrounding temperature 
increases heat production in the animal; in the well-fed dog this 
is hardly notiSeahle. 

On the other hand, it is instructive to note the types of food 
eaten by the natives of different climates. The Hindoo, who eats 
rice, requires to produce much less heat than the Eskimo, who 
makes seal meat and blubber his staple articles of diet. 

The Seat of Heat Production. — ^While we say that every 
living tissue produces heat according to its activity, certain organs, 
such as glands, produce an amount which is fairly constant although 
relatively small. By far the largest and most variable amounts are 
produced by the muscles, and under conditions of extreme cold, 
increased muscular tone (contraction) and shivering assist in the 
maintenance of body temperature. On hot day's we experience a 
certain general flabbiness and lack of desire to do muscular work. - 

Heat Loss. 

' Heat is lost in several ways — by the respiratory tract, the skin, 
and the excretions, hut the first two are those capable of greatest 
variation. 

Respiration. — In animals which do not sweat much this channel 
is of special importance, as is well seen in the dog and the sheep, in 
which there is a rapid respiration when overheated. If the need for 
heat loss has not been accompanied by exercise, the respiration may- 
be very shallow and this appears to be associated with an exaggeration 
of the Hering-Breuer reflex. At the same time there' is an increased 
secretion of. saliva which keeps the mouth and tongue moist. The 
tongue is commonly put out. 

The skin may regulate its heat loss by changing the amount 
of blood passing through it. We are famihar with the flushing of 
the skin after exercise, due to vasodilatation. In such circumstances 
the body loses a greater amount of heat by radiation, conduction, 
and convection. _ 

Many years ago it was shown that if an . animal is varnished 
it will die from excessive loss of heat, partly as a result of vaso- 
dilatation of the skin vessels, but chiefly because of the loss of the 
fur which retains heat. It -will survive if wrapped in cotton-wool. 

If the body is exposed to cold there is good evidence that 
adrenaline may be secreted, for it can be shown that the denervated 
heart is accelerated and skin vessels are constricted. This does not 
occur if the adrenals are removed. There is,, however, after siich 
removal, a much greater increase in the heat production by sliivering 
(Cannon, Britton and others). In man this seems to be of less 
importance than in the cat, for the cardiac acceleration is negligible 
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except during shivering (Barcroft and Verzar). Metabolism is also 
stimulated. 

Sweating.— When the body temperature tends to 'rise the sweat- 
glands secrete and the evaporation of the sweat, the latent heat of 
which is obtained from the body, causes cooling. Wet clothes 
have a similar effect to sweating, but have the disadvantage that 
they may occur in the absence of physical exercise and so reduce 
body temperature that there is great liability to infection by any 
bacteria which happen to be present in the body. It has been 
calculated that as much heat may be lost from wet feet as is 
produced by the body at rest. The respiratory tract is particularly 
liable to be affected because bacteria commonly lurk there and the 
cold produces vasoconstriction which renders the mucous membrane 
more easily attacked. The amount of evaporation depends on the 
humidity of the atmosphere. We are famihar with the increased 
sweating which occurs on a hot moist day. The hot day, however, 
has the advantage over the cold day in that the relative humidity 
of the air is decreased. 

The atmosphere may vary appreciably in its coohng power, 
according to the rapidity with which the air in the immediate 
vicinity of the body is changed. A draught causes excessive cooling 
of the body, therefore, by increasing the loss by convection. 
(This has already been discussed on p. 75, which should be 
re-read.) 

In climates such as West Africa, Persian Gulf, and Malay, where 
the tropical sun is combined with the moisture-laden wind, the reverse 
maintains. There the possibilities of heat loss both by radiation 
and by evaporation are small, and the inhabitant perforce reduces 
his heat production to a miniinum. He lives indoors, and takes as 
little exercise as possible. 

If, however, exercise is persisted in, sweating continues until the 
blood becomes so concentrated that sweating ceases, body temperature 
rises rapidly and death from heat stroJce may occur. Immediate 
treatment by cooling the body and diluting the blood is essential. 


Certain Factors which govern the Relation between Heat 
Production and Heat Loss. 

(1) tSize . — The quantity of heat produced by mammals of the same 
size is practically constant. It is not, however, directly proportional 
to the weight of the animal, nor to the relative size of the indmdual 
cells. The size -of the cells in a mouse is not very different from that 
of the cells in a horse, yet a mouse produces 452 large calories per 
kilogram of hody-weight in twenty-four hours, and the horse only 
14‘5 calories. The mouse thus requires tliirty times more food per 
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unit of ^ body-weight than the horse. The constant factor is heat 
production per unit body-surface ; all well-nourished animals, 
including man, produce the same number of calories per square 
metre of surface (Eubner). The body-surface is relatively large 
in a small animal. The loss of heat is diminished both by the 
occurrence of fur and by the absence of sweat in the skins of most 
small animals, and in man the natural conditions may be much 
modified by artificial ones, such as clothing. 

(2) Age . — Inasmuch as the young are small, active, and growing, 
their heat production is relatively large; and further, since the 
extreme constancy of temperature which an adult man has attained 
is an evolved characteristic, very young children are subject to 
changes of body-temperature which would be of much graver import 
in older people. 

(3) Constitution . — Individuals differ greatly in their power of 
heat loss. Apart from differences in size and in the facility of 
perspiration, there remain such variations as those of compactness 
of shape, and especially in the amount of adipose tissue with which 
the viscera are protected. 

Regulation of Body Temperature. 

The body temperature appears to be regulated by an area 
in the brain known as the heat-regulating centre. This centre 
influences the vasomotor and sweating -centres, thereby regulating 
heat loss from the cutaneous blood-vessels, and possibly the lower 
centres controlling heat production, e.g. those which innervate 
voluntary muscle. Evidence of this was put forward by Barbour, 
who showed that if the brain was perfused through the carotid 
artery with fluids of different temperatures, the corresponding body 
reactions were obtained and body temperature varied by the vascular 
reaction produced in the skin. Evidently the thermotaxic centre is 
extremely sensitive to changes of temperature in the blood flowing 
through it. • - ^ • 

Later it has been shown that if the section of the brain is made 
below the thalami, temperature .regulation is lost, the animal 
becoming poikilothermal (Magnus). The exact region of the centre 
is probably the hypothalamus. Similar results are produced^ by 
ansesthesia ; hence the necessity for keeping an anaesthetised patient 
warm, but as such an individual cannot feel pain care must be taken 

not to burn him. • , 

At the same time it must be understood that the centre is also 
responsive to stimulation of the skin. Exposure of the body to 
cold, e.g. baths at below body temperature, causes shivering before 
body temperature has fallen. . This appears to be due simply to a fall 
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in the temperature of the nerve-endings of the skin (Liljestrand 
and Magnus). Local exposure of the body to heat will also cause 
local sweating. Presumably reflexes are concerned (O’Connor) 
and provide a more rapid control than would be possible through 
the blood. This is well seen in rapid diminution of the volume and 
of the skin temperature of one hand if the other is placed in cold 
water (Brown-Sequard). . 

Fever. — Fever is primarily due to a diminished heat loss. An 
increased heat production occurs in fever, but that this alone does 
not produce the condition is seen by the fact that in exercise or 
exophthalmic goitre, in which metabolism is enormously increased, 
there is only a very small rise 'in temperature; it is evident that 
the normal body can get rid of enormous amounts of heat: but in 
fever the heat-regulating centre is not completely out of order, for 
it can be demonstrated that a febrile patient shows reactions to heat 
and cold. 

The Heat Balance. 


■ Skin Nerve Endings.^ 
Arterial Blood 
Heat Regulating Cen tre 


rCOLD 

A 


Heat Production 




ggo 9B 

Body Temperature 


Shivering and Tone 
Disease 


Heat Loss 


E X c^retion^^Skin^^Rcs^at i o n 
Sweat Vessels 


Evaporation Conduction Convection Radiation 
Fio. 183. 


It may be that the diminished heat loss is initially due to 
withdrawal of blood from the sldn, i.e. when the sickening indimdual 
looks pale. Lauder Brunton showed that i bleeding would cause a 
temporary rise of internal temperature in tins way. There is, 
however, at the same time a marked increase of heat production 
(and of metabolism generally which leads to wasting). The increase 
may be due to the disease-producing agent itself, but is contributed 
to by the efi’ect of the rise in temperature on metabolism. Eventually 
in fever there may be a flushing of the skin, but this is less than 
normal for the same rise of temperature produced by heating the 
body, . 

The withdrawal of blood from the skin may be a result of 
diminution in the volume of the blood due to the taking up of 
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fluid by the tissues, a suggestion supported by the fact that the 
blood becomes more concentrated (Barbour) ; or it may be that the 
blood is required elsewhere internally to deal with the infection, 
the skin vasoconstriction simply compensating for vasodilatation 
elsewhere. 

This explanation of fever indicates why it is that although the 
heat - regulating mechanism reacts to changes in temperature it 
appears to be set at a higher level. The withdrawal of blood from 
the skin necessarily reduces the response to a given degree of higher 
temperature. 

Tever^ is, however, in a degree protective as antibodies are more 
actively produced at a higher than at a lower body temperature. 
The increased metabolism also assists the body to deal more 
adequately with the infective agents. 

Hypothermia. — The body temperature may be lowered in man 
under narcosis from 5° to 10° C., and maintained at this low level 
apparently without harm. The state has been found to- increase 
the sense of well-being later. 

The sensation of temperatxire bears no relation to the actual 
body temperature and depends entirely on that of the nerve- 
endings of the skin which are affected by the outside air and by the 
amount of blood in the skin. The pale, shivering' patient suffering 
from a malarial attack may have a temperature , of 104°. Similarly, 
people about to develop influenza look a little pale, and feel a little 
shivery for the same reason. On the other hand, drugs which 
cause dilatation of the skin-vessels, e.g. alcohol, cause a fall of body 
temperature, although they give a sensation of cutaneous warmth. 
After a prolonged hot bath, an individual may feel quite warm, 
because the skin-vessels become paralysed and may lose so much 
heat that he “ catches a chill ” as a result of the lowering of local 
resistance in the respiratory tract. Experiments on- hypothermia 
under narcosis suggest that local chilling or vaso-constriction is 
more important than a fall of body temperature as a whole. 

Shivering, as we have seen, occurs when the body is cold. ; It is 
partly dependent on reflex paths but may occur in a piece of muscle 
completely removed from the body if a piece of ice is applied to it. 

References. — Barbour, 1921 ; Bazett, 1927 ; Cramer, 1928 ; .and Deighton, 1933. 



CHAPTER XLIII 


THE CENTRAL NERVOUS SYSTEM 

The central nervous system is contained within the cranio-spinal 
cavity, and consists of brain and spinal cord. These ^two . parts are 
continuous with each other, and the line of separation is arbitrarily 
drawn at the foramen magnum, by which orifice the spinal cord 
leaves the skulL Both brain and cord are enveloped by three 



Flo. 184. — Plan in outline of the brain, as seen from the right side. 1. The parts are represented as 
separated from each other somewhat more than naturally, so as to show their connections. A, 
cerebrum ; /, g, h, its anterior, middle, and posterior lob^ : e, fissure of Sylvius ; B, cerebellum ; 
C, pons; D, medulla oblongata; a, peduncles of the cerebrum; b, c, d, superior, middle, and 
infenor peduncles of the cerebellum. (From Quain.) 

connective-tissue membranes, known from without inwards as dura 
mater, arachnoid, and pia mater respectively. 

Anatomy of the Brain. 

At the lowest part of the brain (fig. 184), continuing the spinal 
cord upwards, is the medulla oblongata or huVb (D). Hext comes the 
pons Varolii (C), very appropriately called the bridge, because it 
appears to join the two halves of the cerebellum or small brain, but 
in it also are the connections between the bulb and the upper regions 

674 
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of the brain, and between the cerehellum (B), and the rest of the 
nervous system. ' 

The mid.-'brain comes next (a, h) the ventral part forming the 



Fio. 185.— The brains‘'of different vertebrate animals. O, olfactory lobe (smell) ; P, the cerebrum 
(higher psychical activities) ; MB, midbrain, and C, cerebellum (co-ordination) ; M, medulla (control 
respiration, circulation, etc.). 

1. Dogfish. S. Frog. ' 6. Babbit. V. Monkey. 

2. Salmon. 4. -Pigeon. 6. Dog. 8. Man. 

The size of the brains are obviously not in proportion to each other. Their relative sizes may be ' 
judged roughly from the size of their heads which are familiar. 


peduncles or crura of the cerebrum (A), the largest portion of the 
brain. . ^ 

■ A further figure showing the internal structure of the brain is 
given in relation to the Gerebro-Spinal Fluid. 

But such a complex brain as the human, organ does not obtain 
throughout the vertebrate series. Some idea of this is given in 
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fig. 185, p. 575, wMch. indicates the changes which are found. 
In the lowest animals' the cerebrum- and cerebellum are negligible, 
but with the development of locomotion and the co-ordination of 
movement, the cerebellum and mid-brain become more important. 
They are particularly well seen in fishes and birds which move in 
three planes. G-radually the hnportance of the cerebrum increases, 
becoming at first simple and later more convoluted, until in man 
it is by far the largest part. It will be seen, however, that through- 
out the same general plan is retained. It was, however; pointed 
out by Turner that some mammals have brains of a very primitive 
t}'pe- and he emphasised that the internal structure of the brain 
was more important than the external appearance. 

A comparative study of the brain in different animals has been 
most valuable in the elucidation of the functions of its various parts. 

There is some relation between the degree of development of the 
different parts of the brain and the habits of an animal For 
instance, animals which rely largely on the sense of smell for their 
prey have a large olfactory area; whereas in such animals as 
the porpoise, which have no sense of smell, the olfactory area of the 
brain is absent. Animals with keen vision have a large ■sdsual 
area in their brains; animals of nocturnal habits, or which live 
underground in the dark, have a very small one. 

It should, however, be added that so far as the cerebrum is 
concerned' its development confers potential, for those born with 
the most highly evolved brains do not necessarily, use them, and 
many whose heads do not suggest high development have remarkable 
powers of mental activity. 
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THE SPINAL COED AND SPINAL NERVE-EOOTS 

The spinal cord is a column of nerve-substance connected above with 
the medulla oblongata of the brain, and situated in the vertebral 
canal. If it is cut across it is seen to be composed of grey matter 




Fio. 186. — Different views of a portion of tlie spinal cord from tlie cervical region, with the rpots of the 
nerves (slightly enlarged). In a , the anterior surface of the specimen is sho'wn ; the anterior nerve- 
root of its right side is divided ; in b, a view of the right side is given ; in c, the upper surface is 
shown ; in n, the nerve-roots and ganglion are shown ftom below. 1, the anterior median fissure ; 
2, posterior median fissure; 8; anterior lateral depression, from which the anterior nerve-roots are 
seen to issue; 4, posterior lateral groove, into which the posterior roots are seen to sink; 5, 
anterior roots passing the ganglion ; 5’, in a, the' anterior root divided ; 6, the posterior roots, the 
fibres of which pass into the ganglion 6' ; 7, the united or compound nerve ; 7', the posterior primary 
branch, seen in a and n to be derived in part from the anterior and in part from tho posterior root, 
(Allen Thomson.) 


which on histological examination is found to be composed largely of 
nerve-cells, and of white matter wliich is composed of nerVe-fibres. 
The white matter is situated externally, and constitutes its eliief 
portion ; the grey matter is in the intei’ior, and is so arranged that 

677 / T 
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in a transverse section of the cord it appears like two crescentic 
masses connected together by the posterior commissure (fig. 186). ' 
The apices of each crescent are called the anterior and posterior 
horns respectively. Throughout the whole length of the cord runs 
the central canal, which opens above into the space at the back of • 
the medulla oblongata and pons, called the fourth ventricle. 

The spinal cord consists of two symmetrical halves, separated 
anteriorly by a median fissure and posteriorly by a median septum 
of neuroglia. It is divided into three portions or coliunns, an anterior, 
lateral, and posterior, by columnar extensions of the grey matter. 
Between the anterior and lateral columns spring the anterior 
roots of the spinal nerves (fig. 186 B and C, 5); and just in front 
of the groove between the lateral and posterior columns the 
posterior roots enter (b, 6) : a pair of roots on each side corresponds- 
to each vertebra or segment. , The posterior root is characterised 
by the ganglion on it. These two roots after a short distance join 
together to form what is known as a mixed nerve. The fimctions 
of the roots are dealt with later, but it may be noted here that the 
anterior is efferent or motor and the posterior is afferent or sensory. 


Methods of investigating the Tracts of the Central Nervous 
System and the Spinal Roots.. 

(а) It has been possible to trace some tracts hj sihmdating them 
at one point and observing the effect, and this may be amplified 
by section of the pathway at various points. 

(б) It has been found possible also to follow certain tracts 
by tracing the course of action potentials. Most of our informa- 
tion has, however^ been collected by older or more laborious 
methods. 

(c) The emhryological method . — It has been found by examining 
the spinal cord at Afferent stages of its development that certain 
groups of the nerve-fibres put on their myelin sheaths at earlier 
periods than ' others, and so the different groups of fibres can be 
easily distinguished, 

(d) Wallerian or degeneration method . — This method depends upon 
the fact that if a nerve-fibre is separated from its nerve-cell 
it degenerates. It consists\in tracing the course of tracts of 
degenerated fibres, wliich result from an injury to any part of the 
central nervous system. ’\^Tien fibres degenerate peripheral to 
lesion, the tract is one of descending degeneration, and when the fibres 
degenerate in the opposite direction, the tract is one of ascending 
degeneration. By the modern methods employed in staining the 
central nervous system, it has proved comparatively easy to distinguish 
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degenerated parts in sections of the cord and of other portions of the 
central nervous system. Degenerated fibres have a different staining 
reaction from normal tissue when the sections are stained by the 
Weigert-Pal method; this, consists in overstaining- them in a special 
solution of hsematoxylin, and then decolorising with potassium 
permanganate and sulphuric acid. The degenerated fibres appear 
light yellow, whereas the healthy fibres remain a deep blue, 
Marchi’s osmie acid method has already been referred to on p. 56. 
Accidents to the central nervous system in man have given us 
much information on this subject, but this has been supplemented 
and largely extended by experiments on animals, particularly on 
monkeys, and considerable light has been shed on the conduction 



Fio. 187. — Diagram to Illustrate Wallerian degeneration of nerve-roots. 

of impulses to and from the nervous system by the study of the 
results of section of different parts of the central nervous system, 
and of the spinal nerve-roots. 

By the degeneration method it has been possible to show that 
the anterior root is composed of the axons of cells in the anterior 
horn of the spinal cord and that the posterior root is composed of 
axons of cells which are situated in the ganglion of the posterior 
roots. Separation of the axons from their parent cells results in 
degeneration of the distal end of the axons. These facts, made out 
by the elder Waller, are illustrated by fig. 187 in which : 

A represents a section of the mixed nerve beyond the union of 
the roots ; the whole nerve beyond the section degenerates, and is 
consequently shaded black in the figure. 

B represents the result of section of the 'anterior .root; only 
the anterior root-fibres degenerate; the sensory fibres of the 
posterior root remain intact. The small medullated nerve-fibres 
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(not shown in the diagram) also degenerate as far as the ganglion 
cells of the sympathetic system with which they communicate. 
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Some recurrent sensory fibres in this root do not 
degenerate with the others, but are found degenerated 
in the part of the anterior root attached to the spinal 
cord. 

Section of the posterior root always 
produces the same physiological effect (loss , 
of sensation) wherever the section is made, 
but the degeneration effect is different 
depending on whether the section is made on 
the proximal or distal side of the ganghon. 
If the section is made beyond the ganglion, 
the degeneration occurs as shown in C beyond 
the section in the peripheral portion of 
the posterior root-fibres; the anterior root 
remains intact except for the recurrent 
sensory fibres which it contains. 

If the section is made as in D (fig. 
187), the posterior roots degenerate between 
the ganglion and the cord, and if several 
posterior roots are so cut the degeneration 
may be traced into the cord.. In this case 
a part of the cord known as the column 
of Burdach can be degenerated as far up 
as the medulla oblongata. In this way the exact situation of a 
number of tracts or bundles of nerve-fibres has been shown. They 
are indicated in figures. The detailed position of these tracts is now 
more properly dealt with in Anatomy. 



Fiq. 188. — Groups of fibres from 
tlie anterior and posterior 
roots several days after sec- 
tion of both roots close to the 
cord; the anterior fibres are 
degenerated ; the posterior, 
being still in connection with 
the nerve-cells from which 
they grew, are normal. 

(Mrs Waller for Dr Waller.) 
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THE KEFLEX ACTIVITIES OF THE ANlMAL 

The function of a nervous system, however simple or however 
complicated, is to adjust the activities of the animal within itself 
and towards its environment. It is the function of the central 
nervous system to receive impulses by means of the afferent nerves, 
to correlate them, and to send out appropriate stimuli by the efferent 
nerves to the various parts of the body. 

A large amount of this adjustment takes place without conscious 
effort and is purely automatic or reflex. We may indeed look upon 
the reflex as being the physiological unit of the nervous system. 
A reflex may be defined as the response by an effector organ to a 
stiinulus received by a receptor and transmitted by a conductor 
which is itself incapable of the end-effect. It depends, as we have 
seen, on a chain of neurones. 

In considering the nervous system of an animal from this point 
of view, we are reminded of that of a simple segmented animal, such 
as a crustacean, where it is evident that, while each segment has a 
considerable degree of local control, by means of connecting fibres 
the various segments may act in unison for the benefit of the animal 
A very similar, but more elaborate mechanisin is seen in the higher 
animals, and it will be seen that each part of the nervous system 
exercises a certain degree of local control, yet is connected and acts 
when necessary with the higher parts of the system. 

Before studying reflex action in detail it is convenient to consider 
•briefly the functions of the spinal cord and its roots. As would be 
expected from what has been said above, the spinal cord connects 
together different parts of the nervous system and at the same time 
is a centre for local control or reflex action. 


The Functions of the Spinal Cord. 

These functions will be considered in more detail later and need 
only be summarised at this stage. 

As an organ of conduction the spinal cord carries impulses to 
and from the brain, some of which are related to conscious activity 
681 
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and others to more automatic or reflex activities of the body, such as 
the maintenance of posture. The actual pathways concerned have 
already been described. 

In addition, the association tracts link together various levels 
of the cord and bring about co-ordination of activity between different 
levels of the body. 

As a reflex centre the cord brings about a considerable correla- 
tion of the activities of the animal. Por the most part these are 
concerned with the protection of the animal, with movements, such 
as walking, and with the control of the excretory mechanisms of the 
bladder and rectum. The actual reflexes are dealt with in detail 
below. 


Functions of the Roots of the Spinal Nerves. 


Each spinal nerve, we have seen, originates from the spinal 
cord by two roots. The anterior or ventral root consists of nerve- 

fibres which oriffinate from 



the large multipolar cells 
in that portion of the grey 
matter in the interior of 
the spinal cord which we 
^ call the anterior horn. These 
nerve-fibres are all medul- 
lated ; the large ones join up 
with the posterior root to 
form the spinal nerve; the 
small nerve-fibres leave the 
root and pass to the sym- 
pathetic chain, which then 
distributes non-meduUated 
fibres to the involimtary 
muscles of the blood-vessels 


Fio. 180. — A, Bipolar cell from spinal ganglion of a 4 and ^dsCei'a 

weeks’ embryo; n, nucleus; the arrows indicate tbe , , ’ . 

direction in which the nerve processes grow, one to Ihe OthOl' rOOt, tllC pOsteTlOT 

the spinal cord, the other to the periphcrv’. B, a j » , ., 

cell from the spinal ganglion of the adult; the Or Ciorsal- I’OOt, haS UpOU it 

two processes have coalesced to form a T-shaped o Tiavwo ooHo 

junction. (Diagrammatic.) CUUtJCblUU OI neitt-CBUb 

forming the spinal ganglion. 
Prom the cells in the ganglion two processes take origin. In the 
embryo these are separate but in the adult form they are fused, 
forming a y -shaped junction (fig. 189, B). 


The discovery that the anterior roots are motor and the posterior 
sensory is usually attributed to BeU (1811) ; but an examination of 
his writings shows that the deductions he drew were incorrect; 
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it was Magendie (1822) who gave the first unassailable description. 
Similar observations in regard to the cerebral, nerves were first 
made by Mayo.^' Magendie found 
that on section of the anterior roots 
there was paralysis of the muscles 
supplied by the nerves ; on section of 
the posterior roots there was loss of 
sensation. These experiments clearly 
pointed to the conclusion that the 
anterior roots contain the efferent 
(motor) fibres ; and the posterior roots 
the afferent (sensory) fibres. This con- 
clusion was confirmed by the experi- 
ment of stimulation. Stimulation of 
the peripheral end of the cut anterior 
root caused muscular movement; of 
the central end, no effect. Stimulation 
of the central end of the cut posterior root caused pain and reflex 
movements ; of the peripheral end, no effect on voluntary muscle. 



Pio. 190.— Diafc^atn to illustrate recurrent 
sensibility. Bee text. 


The latter causes vascular dilatation (see Autonomic Nervous System). 

Recurrent sensibility , — One -of the statements just made requires a slight 
modification, namely, that excitation of the peripheral end of a divided anterior 
root will evoke pain and what are known as reflex movements, as well as direct 
movements; that is to say, the anterior root, though composed mainly-of motor 
fibres, contains a few sensory fibres coming from the membranes of the spinal 
cord, and .then running into the posterior root with the rest of the sensory fibres. 
They often, however, run down the mixed nerve a considerable distance before 
returning to the posterior roots. 

The preceding diagram (fig. 190) illustrates the course of one of these recurrent 
fibres (r) ; the arrows represent the direction in which it conveys impulses. 


Eeflexes. 

It has already been stated that the reflex may be considered the 
physiological unit of the nervous system. It has been usual to 
classify reflexes anatomically according to the amounts of the nervous 
system which they involve, but it is really best, however, to classify 
them physiologically, which is also their order of phylogenetic 
appearance. 

1. Protective Reflexes. — These are seen in all animals and 
protect the animal from injury hy withdrawing the stimulated part. 
Most involve the spinal cord but some the brain stem. They are 
brought into operation by harmful stimuli. 

2. Antigravity Reflexes maintain The rigidity of the limbs 
against the force of gravity. They involve the spinal cord and the 
medulla. 

3. Righting Reflexes adjust first the position of the head to 
* Mayo was the first Professor of Physiology in King’s College, London, 
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the earth’s surface, then the position of the trunk to the head, 
and the position of the limbs to the body. These reflexes involve 
the spinal cord, medulla and mid-hrain. Like the antigravity 
reflexes they are brought about by proprioceptive stimulation from 
the body itself, especially from the muscles and tendons. 

4. Conditioned Reflexes result from experience. The signifi- 
cance of the sensory stimulus depends on the circumstances in 
which the stimulus was previously experienced. Here the cerebrum, 
as well as the lower parts of the nervous system, are concerned. 

The discovery of reflex action was made by Marshall Hall (1833), 
a physician in London, who during his lifetime never received 
adequate recognition of his work. The antigravity reflexes were 
first described by Sherrington, in 1898. He was originally a 
bacteriologist but subsequently became Professor of Physiology 
at Liverpool and later at Oxford. He and his pupils made a 
study of spinal reflexes generally. The righting reflexes were 
elucidated chiefly by Magnus, Professor of Pharmacology in TJtrecht, 
while the importance of the conditioned reflexes was first appreciated 
by Pavlov in Moscow. (See references.) 

The Protective Reflexes. 

The simplest form of reflex activity known is the axon reflex, 
which does not involve the central nervous system and is concerned 
with the protection of the skin. If an irritant, c.g. a .mustard 
plaster or croton oil, is applied to the skin, a reddening due 
to dilatation of blood-vessels is produced. If the nerve- supply is 
cut, as is sometimes done by surgeons to relieve pain, e.g. in 
neuralgia of the 5th nerve, the reddening on application of the irritant 
can be obtained for a few days but is no longer possible after 
the peripheral fibres have degenerated. This demonstrates the 
dependence of the action on a local nervous mechanism, apparently 
in the peripheral part of the axon : the axon appears to divide, 
giving a branch to the skin and another to the wall of a blood- 
vessel. It may be, however, that the sensory impulse somehow 
passes to vasodilator fibres which we know are distributed from 
the sensory posterior nerve-roots. 

The spinal protective reflex is the simplest form of reflex 
involving the central nervous system. It depends on the co-operation 
of a receptor organ, an afferent sensory nerve, a chain of nerve- 
cells in the spinal cord, an efferent motor nerve, and an efi’ector 
organ, the whole constituting the reflex arc (see figs. 31 and 198). 

Although a spinal reflex is usually described it must be imder- 
stood that reflexes of this type are obtained from cranial nerves — 
notably the corneal reflex by which the eye is protected. 
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The reflex activities of the spinal cord may, he studied in a 
spinal animah i.e. an animal in wliich the, brain has been destroyed 
or the spinal cord cut across in, the cervical region. In the case of 
a mammal artificial respiration is necessary since the respiratory 
centre is cut off, unless the section is made below the origin of the 
phrenic nerves. 

The simplest way to produce a typical spinal mammal is to clamp 
the vertebral and the carotid arteries and allow time for the 
anaesthesia to pass off. (See fig. on p. 600.) 

A cat so operated upon, after a short period of shock has passed 
off, assumes a characteristic position of flexion; it curls up (fig. 197). 


1 2 



Fio. 191.— Beflexes in tlie frog f diagrammatic). In 1 tlie normal reflex tone N of the legs as indicated 
by the partial flexion at tbe knee is seen. This is absent if the spinal cord is destroyed, P. In 2 ' 
is seen the flexion withdrawal reflex. FW is the response to a harmful stimulus and the thrust 
reflex S to a blunt object, B. 

If a limb is pinched or pricked it is at once withdrawn (flexion 
withdrawal reflex). This is obviously a defence reflex to remove ' 
the limb from the injuring force or noxious stimulus. Sometimes the 
stimulus throws the whole animal into extreme flexion (mass reflex). 

After a period of absence of reflexes after operation a spinal 
animal may also show extensor reflexes also (fig. 191). 

After destruction of the brain of a frog the shock of the operation 
renders the animal for a variable time motionless and irresponsive 
to stimuh, but later on it gradually assumes a position which differs 
but little from that of a conscious animal. If thrown into water 
it will swim ; if placed on a slanting board it will crawl up (G-oltz) ; 
if stroked on the flanks it will croak (G-oltz) ; if it is laid on its 
back, and a small piece of blotting-paper moistened with acid is 
placed on the skin, it will generally succeed in kicking it off;- if a 
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foot is pinched it will draw the foot away; if left perfectly quiet it 
remains motionless. (Sherrington, 1920; Creed, Denny-Brown, 
Eccles, Liddell, and Sherrington, 1932.) 

. The Protective Reflexes of Man. 

The occurrence of many protective reflexes in man similar to 
those in animals are facts of everyday experience. The flexion, 
withdrawal reflex may be elicited during ordinary sleep or light 
anesthesia. It is also obtained in individuals suffering from 
paralysis due to injury to the pyramidal tracts and who may he 
unable to move the pon't voluntarily. 


The Extensor Antigravity Reflexes. 

These reflexes are most conveniently seen in an animal whose 
brain stem has been cut across just above the pons (see Decerebrate 
Animal), but they are also obtained from a chronic spinal animal, 
that is, an animal whose spinal cord has been cut across some time 
previously and in which the shock of the section has passed off. 
normally the activity of the reflexes is reduced by the activity 
of the cerebrum, hence the necessity for its removal. 

The pathways on which they depend are similar to that of the 
simple spinal arc, but in addition there are pathways to (spino- 
vestibular) and from (vestibulo-spinal) Deiters’s nucleus, i.c. the 
lateral vestibular nucleus in the upper part of the medulla. 

The Stretch Reflexes. — These are the reflexes which keep the 
legs of the animal straight in standing and are normally found, 
as would be expected, in the extensor muscles. They may be 
demonstrated by stretcliing a muscle, as by sudden bending of the leg, 
or by tapping a tendon. As these facts suggest, they are set up by 
impulses from the muscles themselves, and tliis is proved b}' the 
fact that they are abolished by section of the posterior roots through 
which the impulses from the muscles pass. Moreover, if a muscle, 
is denervated and attached to a lever by which its tension may 
be measured it is found that when stretched it develops much 
less tension (not more than 20 per cent, due to its elasticity) than 
when its nerves are intact. The reflex is not abolished by local 
anaesthesia of the tendon. Many reflexes of tliis type occur but 
the thrust reflex and crossed extensor reflex may be taken as 
examples. They are also the bases of the posturaf reflexes which 
are discussed in a later section. 

The thrust reflex is seen if a sudden force is applied to the 
foot so as to bend the leg. This causes the quadriceps extensor 
in the front of the thigh to contract and the limb to sti-ai<yhten 

O 
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The importance of this reflex in propelling the body forward in 
walking is obvious. (See also S in fig. 191.) 

The crossed extensor reflex is seen in the quadriceps extensor 
cf the thigh when the corresponding nerve of the opposite side 
is stimulated. It, too, is part of the walking mechanism since 
the lifting of one leg requires increased contraction of the muscles 
of the other to maintain the weight of the. body. The crossed 
extensor reflex is dramatically inhibited by stimulation of a sensory 
nerve of the same side (fig. 192). 



Fia. 192. — Eeoords showing inhibition of the crossed extensor reflex in the cat. 
(Drawn from two records by Liddell and Sherrington.) 


Difference between the Flexor and Extensor Reflexes. — 
Flexor reflexes, being protective, are more immediate and rise to 
a maximum more rapidly than extensor reflexes which rise slowly. 
In so doing they are said to demonstrate recruitment as they 
apparently bring into action more neurones and muscle fibres as 
the stimulus is kept up. This is possibly an adaptation to the 
load to be borne and appears to be a “ self -braking ” action in such 
reflexes, for if the afferents of the executant muscles are cut the 
contraction is speeded up. Extensor reflexes show a long after- 
discharge (see p. 590), presumably because of their reaching their 
maximum slowly. 

In the extensor reflexes the slow- acting red muscles (see p. 15) 
play a predominant part, but white fibres may also be used. It 
is this use of the red muscles which makes the extensor reflexes 
less liable to fatigue ; indeed, a single unit may go on discharging 
at a slow rate, 5-8 per second indefinitely. 

The Sensory Nerve-endings in Muscle. 

From what has been said of the extensor reflexes, it is evident 
that there are important sensory nerve-endings in muscle and allied 
tissues. These were found histologically by Kuffini (1898) and 
by Golgi. They are studied in relation to Sensation in general 
later. 
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The Properties and Characteristics of Reflex Arcs. 

Eeflex arcs have certain characteristics which maj be seen in the 
study of the spinal reflex. These are of importance, as there is 
reason to believe that similar characteristics are exemplifled in 
higher arcs also. Most of these characteristics, it will he seen, 
really depend on the properties of the region of the synapse ; indeed, 
much of our knowledge of this region has been obtained from the 
study of reflexes. The synapse is discussed in a separate section 
below. 

Resistance. — If the time which a reflex ought to take be 
calculated from our knowledge of the rate of the nerve impulse 
as conducted by nerve-fibres, it is found that the actual time taken 
is appreciably longer. This extra time or reduced, reflex time has 
presumably been spent in traversing the central nervous system and 
especially in passing across the synapses or junctions between one 
neurone and another. It has been calculated that the time lost at 
a synapse is 0'002 sec. 

Effect of Repetition of Stimulus. — Once a reflex has been 
evoked it is found that it becomes, up to a point, increasingly 
easy to elicit it, and the reduced reflex time becomes lessened. 
This is known as facilitation. This fact is of obvious importance 
in relation to increase of skill in vafious manual occupations. 
Beyond this point, however, fatigue may readily set in. This must 
occur on the central part of the arc, at the synapse, since nerve 
is not fatiguable in the ordinary sense ; it is found that when fatigue 
is present and a reflex can no longer be elicited, the muscle concerned 
can still be made to contract through its nerve or thi'ough another 
afferent nerve. Fatigue of a spinal reflex appears to be recovered 
from with remarkable speed, provided the blood circulation is 
good. 

Summation. — ^Although a stimulus may be insufficiently strong 
to elicit a response, the repetition of the stimulus may be effective. 
The fact suggests that there is an accumulation of excitatory states 
(see p. 592) centrally or peripherally at the point of stimulation. 
Thus it may be possible to bring about a response with two 
separate subliminal stimuli, each of wliich is insufficient; or, if 
each is sufficient, the total effect will be greater than with each 
independently 

Bvmmation of chemical sthmili is well illustrated by Tiirck’s 
method. If a number of beakers of water are prepared, acidulated 
with 1, 2, 4, etc., parts of sulphuric acid per 1000, and the tips 
of a spinal frog’s toes are immersed in the weakest, the frog does not 
at first respond, but in time the cumulation or summation of the 
sensory impulses causes the animal to withdraw its feet. If this is 
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repeated with the stronger liquids in succession, the time that 
intervenes before the muscles respond becomes less and less. This 
method also serves to test reflex irritability when the frog is under 
the influence of various drugs. 

Dependence on Oxygen. — We- have noted that fatigue may 
set in if a stimulus is too often repeated. If, however, the 
oxygen supply is deficient, it sets in more readily. Synapses 
are apparently particularly sensitive to the effects of oxygen- 
want. A fall of blood-pressm’e markedly depress'es the reflexes, 
which disappear in man when the mean arterial pressure drops 
below 50 mm. Hg. It is possible that the height of the blood- 
pressure is of considerable importance in relation to nervous activity, 
but it is extremely difficult to obtain definite data on this point. 

Dependence on Carbon Dioxide. — Some reflex arcs, e.g. those 
concerned with posture, require carbon dioxide as is shown by the 
fact that if the carbon dioxide is washed out by over- ventilation 
the reflexes disappear. It is probable that in part at least this 
apparent dependence on carbon dioxide is really that this gas 
facilitates, as we have seen, the unloading of oxygen from the 
•blood. 

Spread. — The effect of a given stimulus which is capable of 
evoking a reflex depends very largely on its strength. A relatively 
weak stimulus may caus^ a simple response confined to one limb, 
but a stronger stimulus may spread not only to the opposite side 
but also to the adjacent segments of the cord, bringing about a 
generalised movement. It appears likely that in the first instance 
the afferent impulses take the easiest path, which suggests that 
the resistance of the synapses in the various paths may vary 
appreciably. It is considered that such a grading of synapses 
may play an important part in the general activity of the nervous 
system. . 

Local Sign.— If a portion of the body be stimulated, e.g. the 
flank pinched, it is observed that the reflex is definitely purpose- 
ful and the movement is directed towards the removal of the 
stimulation. Thus a piece of blotting paper soaked in dilute 
sulphuric acid and placed on the flank of a decapitated frog, is 
removed by the reflex activity of its hind foot. 

Unidirectional Conduction. — ^We have noted that a nerve 
impulse may be carried in both directions along a nerve. In a reflex 
arc the impulse can go in one direction only.- 

Inhibition. — One reflex can inhibit another, the reflex more 
important for the welfare of the animal predominating: This we 
have already seen in relation to the crossed extension reflex. ^ It 
is also evident in regard to the scratch reflex (p. 613) in which 
one protective reflex predominates over another. The inhibition 
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of a sneeze by firm pressure on the upper lip is a similar 
phenomenon. 

The Nature of the Reflex Response. — If a motor nerve is 
stimulated by a single shock the resulting response is a muscular 
twitch. If a tetanising current of short duration is applied- to a 
motor nerve all the muscle-fibres supplied contract at once and the 
tension rises and falls abruptly. If, however, the same stimulus is 
used to actuate it reflexly the rise and fall of tension are more 
gradual as more nerve and muscle units come into action and are 
released. This is specially well seen in the antigravity reflexes and 
is very characteristic of reflex action. It should perhaps be added 


FLEXOR REFLEX OF SEMITENDOSIS OF SPINAL CAT 



CROSSED EXTENSOR REFLEX OF QUADRICEPS OF DECEREBRATE CAT 



Fio. 1£I3.— Upper— A typical fletor respouse. horver — A typical extensor response. 
(Drawn from four records by Liddell and Slierrin^don.) 


that in order to demonstrate such rapid changes it is necessary to 
use a photographic recording system as the inertia of an ordinar}’ 
lever system is too great. The movement or other activity produced 
reflexly does not cease directly the stimulus is removed, but 
continues for a time after cessation of stimulation. Tins phenomenon 
is called after-discharge, and is one of the most striking features 
of reflex action. 

If during tonic contraction an inliibitory afferent nerve is 
stimulated, the contraction at once becomes less, but the muscle 
again contracts the moment the inhibitory stimulus is removed^ 
often to a larger extent than before. • This is known as rehound, but 
is a very variable phenomenon (see fig, 202). 

There is considerable overlapping in reflexes. (See tlie Motor 
Unit and Motonem’one Pool.) 
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It will be realised that many of the characteristics of reflexes 
depe'nd on the synapses concerned. 


The Action of Drugs on Reflexes. 

Reflexes are enhanced by strychnine and diminished by bromidej 
which apparently acts on the resistance of the synapse. It is of 
interest that these drugs are used commonly in medicine, strychnine 
to enhance and bromide to depress the activity of the nervous 
system. Nicotine paralyses the transmission of impulses at .the 
synapses in autonomic ganglia (see p. 79) and is responsible for 
the harmful effects of the excessive smoking 'of tobacco. 

The Synapse. 

It has hecome increasingly evident that' the region of the 
synapse is of great functional importance. The term was introduced 
by Foster and Sherrington in 1897 and is derived from a Greek 
word meaning “ a clasp.” 

The structure of the synapse, is not usually dealt with 
adequately in books on Histology, and is of interest at this stage. 
Detailed histological study of the synapses was at first disappointing 
in the mammalian nervous system. It was thought at first that 
there might be nervous strands between the neurones, and this 
view was held particularly by Golgi of Milan, but all later methods 
have failed to show such strands and the evidence from degeneration 
indicates that structurally each neurone is distinct from the others 
in its vicinity (Waldeyer, 1891). Increasing attention has, however, 
been paid to the nerve terminals. 

It was originally shown by Ramon y Cajal in Madrid, that at 
the junction between some neurones the terminations of axons were 
enlarged to form “ boutons ” which lie close to adjacent nerve-cells 
as indicated in fig. 194a. The existence of these “pieds terminaux,” 
as they are also called, has now been generally confirmed and 
accepted, but they are best seen in the lower animals (fig. 194&). 
When cut off from their parent cells the “boutons” swell up to 
about twice their size and degenerate. (See Fulton, 1938.) 

The Properties of the Synapses. — The conception of humoral 
transmission at synapses (p. 65) makes it possible to assume that the 
“ boutons ” have a special function in bringing about the release 
of the chemical mediator to which the next nerve-cell is peculiarly 
sensitive, and it would be easy to account for the properties -of the 
synapse in terms of the accumulation and continuance of the action 
of a chemical transmitter, and to show how it might be responsible 
for these q)roperties, which are : — 
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1. Synaptic resistance or reflex latency (see p. 588). 

2. Prevention of spread of the self-propagating nervous impulse's 
within the nervous system. 

3. Provision of pathways of varying resistance within the 
nervous system which by repeated use may become “ canalised.” 

4. Summation or the additive effects of repeated stimuli. 



Fio. 194a — Showing "boutons ” on a nerve coll at the end of fibrils from other cells 

(Kaytnon y Cajal.) 



Fig. 194.6 — Diagram of the “ boutons" from tho nervous system of the gold-fish. 

(Bodian.) 

5. Excitatory state (an accumulation of chemical mediator at 
the synapses concerned). 

6. After-discharge, a continued action of the chemical mediator. 

7. Unidirectional conduction in reflex arc and other pathways 
involving a synapse. 

8. Pmfractory period. 

Some recently discovered facts do not, however, entirely support 
the view that the chemical mediator is acetyl-choline, as first thought,, 
although this substance may be concerned. For example, by study 
of the transmission through autonomic ganglia where synapsing 
occurs, it has been stated that when the preganglionic fibre is 
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stimulated the excitation of the post-ganglion fibre precedes the 
release of the acetyl-choline (Lorento de No), while Eccles has been 
unable to find that eserine which affects the action of acetyl-choline 
elsewhere affects synaptic delay. These workers postulate that 
something like an electrical charge accumulates at the region of 
the central cell and is “detonated” by afferent impulses. It may 
he shown that it is more correct to speak of an accumulation of 
excitatory ions. 

It is important to realise that there are probably many synapses 
in reflex arcs, not only so but there may also be alternative path- 
ways through internuncial (short connecting) neurones which 
probably play an important part in determining the priority of 
impulses in competition for the control of the anterior horn cells of 
the motoneurones. 

The Motor Unit and the Motoneurone Pool. 

In the introductory section on the nervous system the illustra- 
tion of the reflex arc (fig.- 31) has, for simplicity, been given in terms 
of one cell of the anterior root passing out to a muscle. By cutting 
the posterior root and allowing time for degeneration it has been 
possible to count the number of nerve-fibres passing to a muscle 
and to compare it with the number of muscle-fibres. In some 
instances it has been found, by Eccles and Sherrington, that a 
simple large nerve-fibre may supply from 140 to 160 muscle-fibres, 
but smaller nerves might supply smaller units of 5-10. In a 
muscle there may be several hundreds of such units winch are 
innervated from a group of anterior horn cells which the Oxford 
School have designated its “ moto-neurone pool.” The cells of the 
pool are operated by impulses from the descending tracts from the 
brain and from a variety of sensory regions in their own segment, 
from segments above and below and from the opposite' side. Two 
or more afferent fibres may operate the same group of cells of 
the pool and produce occlusion. This accounts for the fact that 
the tension developed reflexly by the stimulation of two afferent 
nerves may be less than the sum of each separately. Similarly, 
since any afferent nerve only operates part of the pool its stimulation 
can never produce as much tension as is produced by stimulation 
of the whole, motor nerve. This phenomenon of fractionation 
recalls the fact that voluntary effort does not call forth the greatest 
tension possible. The overlapping of the areas operating ^ in the 
pool also explains why certain pairs of afferents when excited by 
subminimal stimuli may produce excitation, but when other 
neurones are excited the stimulation is ineffective. 
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The Tendon Reflexes in Man. 

The tendon reflexes of man are of special interest and importance 
because of the easy method by which they can be studied and 
because their absence or exaggeration is often an indication of 
the presence of injury or disease of the spinal cord. In this 
connection it is the purely spinal component of the reflexes which 
is of , most importance, although as we have seen in relation to 
the extensor reflexes generally, they are really but part of a more 
elaborate antigravity mechanism with pathways to and from Deiters’ 
nucleus in the medulla. Thus the reflex, although described as a 



spinal reflex, is reaUy a fractionated antigravity reflex. In each case 
it is brought about by stimulating the nerve-endings in the tendon 
mechanically. It will be realised that physiologically this is a ver}' 
abnormal stimulus. 

The knee-jerk . — The quadriceps muscle is slightly stretched by 
putting one faiee over the other ; a slight blow on the ligamentum 
patellae causes a movement of the foot forwards, as indicated in the 
dotted line of fig. 195. The' reflex is present in health. 

The ankle-jerk is one of importance, for in such diseases as 
locomotor ataxy (tabes),* in which the tendon reflexes are lost, it 
usually disappears before the knee-jerk. It is best elicited if 
the patient kneels with one knee upon a cushioned chair, whilst 

* Tabes dorsalis or locomotor ataxia is a late manifestation of syphilis produced 
by degeneration of the posterior root ganglia and posterior horns. 
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-standing on the other leg by the side of the chair. The calf muscles 
of the kneeling leg are thus slightly stretched by the weight 
of the foot, and a sharp tap upon the tendo_Achillis elicits the jerk. 

J erks of the ^ biceps, triceps, and supinator of the upper limb 
may also be elicited in a similar way, but they are not normally 
so active. The jaw-jerk, which causes the open lower jaw to close 
sharply when its point is tapped, is only present when the path to 
the motor nucleus of the 5 th nerve is involved. 

Ankle-clonus . — This is elicited as depicted in the next figure : the 
hand is pressed against the sole of the foot, the calf muscles are thus 
put on the stretch and they contract, and if the pressure is kept up 



Fio. ] 96.— Ankle-clonus. (M. Barclay Smith.) 

a quick succession or clonic series of contractions is obtained. This 
is not readUy obtained in health. 

The exact course of the reflex arc concerned in the knee-jerk has 
been worked out by Sherrington in the monkey. The nerve-fibres 
are mainly those wHch pass (1) to and from the extensors ^ by the 
anterior femoral nerve, and (2) to and from the hamstrings by the 
sciatic nerve. The fibres which supply the extensor arise from the 
spinal nerve-roots which in man correspond to the 3rd and 4th 
lumbar ; the hamstring supply is from the 5th lumbar and 1st and 
2nd sacral roots. , 

Lombard’s experiments upon the knee-jerk indicate that it is 
sometimes more readily obtained even in the same person than at 
other times. It varies with changes in mental activity, and during 
sleep may be entirely absent. It is increased and diminished by - 
whatever increases or diminishes the relative state of irritabihty of 
the nervous system as a whole. 

Closely related to this is the phenohienon known as reinforcement 
<f the knee-jerk, which was first described by J endrassik in 1883, and 
has since been studied by numerous observers. The extent of the 
jerk may be increased if at the time the patellar tendon is struck, a 
* Sometimes known as the vastus cnireus. 
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strong voluntary contraction, such as clenching the fists or the jaw, 
is made by the individual. In many normal persons the knee-jerk 
is difficult to elicit, but it must never be regarded as absent until 
reinforcement has been tried. After the reinforcing action has 
occurred it is followed by an interval in which the knee-jerk is 
lessened (inhibition or negative reinforcement). 

Absence of Reflexes. — The tendon reflexes must obviously dis- 
appear if any part of the arc on which they, depend is destroyed. 
Disease or injury of the afferent nerve, efferent nerve, or spinal grey 
matter, abolishes them. Thus they cannot be obtained in locomotor 
ataxy (damage to the posterior nerve-roots), or in infantile paralysis 
also known as anterior poliomyelitis (damage to the anterior horns 
of grey matter). This absence of the reflexes is therefore an 
important diagnostic sign of disease of the spinal cord or of the 
nerve -roots. Especially is this so if the tendon reflexes which 
are usually elicited are affected, but the superficial reflexes (see 
below) are more variable and may be unobtainable even in the 
absence of nervous disease. 

Alteration of the Character of the Reflex. — This is well 
seen in 'the case of the knee-jei’k. In lesions of the pyramidal 
tracts as in the decerebrate animal the knee-jerk is too weU 
sustained, but on the other hand in cerebellar disease the leg falls 
quite limply. The nonnal is midway between the two. These 
facts indicate that the knee-jerk is intimately related to liigher 
mechanisms. It is indeed a fractionated stretcli reflex or part of 
the more complicated reflex by which we stand (see Mid-Brain 
Animal). 

The Influences of the Higher Centres on Lower Reflex 
Arcs. — If, in the frog experiments referred to on p. 585, the cerebrum 
only is destroyed and the optic lobes left intact, the reflex reactions 
are found to be appreciably slower, thus showing the inhibitory 
effect of the remaining parts of the brain. 

In man, this influence is of considerable clinical importance in 
the diagnosis of nervous disease, in which an exaggeration of the 
reflexes may, in certain circumstances, be considered to indicate 
that the higher centres have been cut off, c.g., by damage to the 
motor tracts. The state thus produced is that of the chronic 
spinal animal in which the shock of the operation has passed off. 
Eesearch suggests that the exaggeration is essentially the result of 
the cutting off of the impulses which pass down the rubrospinal 
tracts, but as these tracts lie in close association with the pj'ramidal 
tracts in the cord, conditions which affect one tract commonly 
affect the other. The reflex may be exaggerated in any condition 
which increases the irritability of the nervous system. 

The effect of reinforcement referred to above is a closely allied 
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phenomenoni but a generally accepted explanation has not yet been 
found. On the other hand, we are fainiliar with the fact that 
reflexes may be largely inhibited by volition, e.g. sneezing. Cranmer, 
when burnt at the stake, held iris hand in the fire till it was 
consumed. 

The Plantar Peflex. — We have seen in the frog experiment 
described above that two reflexes may be produced by stimulation of 
the foot. Two similar reflexes are seen in man: the loitlidraxoal 
reflex, involving fanning of the toes and dorsiflexion of the great 
toe (extensor plantar response); and the thrust reflex, involving 
flexion of the toes (flexor plantar response). Normally they are 
elicited by two distinct varieties of stimulation, but, as a result of 
walking, the protective withdrawal reflex is in partial abeyance and 
a gentle scratch of the sole of the foot with the finger-nail causes 
flexion of the toes. In disease of the pyramidal tracts, however, 
or in very deep sleep, whether normal or produced by a narcotic, 
when local protection is more essential, the withdrawal reflex is 
more prominent and such stimulation causes extension of the toes, 
especially the great toe. This is an important diagnostic sign of 
interference with the pyramidal tract (Babinski’s sign); or, in 
some persons it may appear in excessive fatigue as occurs after 
long marches. This may be the result of fatigue of the higher 
centres. American workers have put forward evidence that the 
fanning component is the result of interference with the extra- 
pyramidal system from the red nucleus. (See Fulton.) 

The Relation of Reflexes to Muscle Tone. — Commonly, 
changes in the reflexes are associated with alterations in muscle 
tone which we know to be a reflex phenomenon, but for convenience 
this is considered separately. 

The Superficial Reflexes. 

These reflexes are probably protective in nature. They are 
obtained by a gentle stimulation, such as a touch on the skin ; the 
muscles beneath are usually affected, but muscles at a distance may 

be affected also, for example : ■ 

a. aiuteal reflex: a contraction in the gluteus when the skin 

over it is stimulated. _ _ . 

b. OTCTfiastcTw Tcficx a rotraction of tbe tosticlo ‘wben tli6 skin on 

the inner side of the thigh is stimulated. 

c. Abdominal reflex: a contraction of_ the muscles of the 
abdominal wall when the skin over the side of the abdomen^ is 
stroked ; the upper part of this reflex is a very definite contraction 
at the epigastrium, and has been termed the epigastx'ic oyflex. 

d. A scries of similar reflex actions may bepbtained m tlie muscles 
of the back, the highest being in the muscles of the scapula. 
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These reflexes commonly disappear if the pyramidal tracts are 
destroyed, but they are so variable normally that little is known 
regarding the exact pathways on which they depend. In animals 
some of them appear to play a part in the driving off of flies. 

The Visceral Reflexes. 

The spinal grey matter contains centres which regulate the 
operation of many involuntary muscles. Some of these centres 
are: — 

The cilio-spinal centre which controls the dilatation of the pupil ; 
it is situated in the lower cer%dcal region, reaching as far down as 
the origin of the first to the third thoracic nerve. 

Subsidiary vasomotor centres. The principal vasomotor centre 
is situated in the bulb, and subsidiary centres are scattered through 
the spinal grey matter. 

Centres probably exist for all the muscular viscera, but particular 
study has been directed to those in the pehds, and centres for 
micturition, defcecation, erection, and parturition are contained in the 
Inmbo-sacral region of the cord. If the spioal cord is cut through 
above the situation of these centres, the result is, in general terms, 
that any influence of the higher (voluntary) centres over these 
actions is no longer possible. The actions in question are then 
simply reflex ones occurring after a period of shock (see IMicturition) 
unconsciously jat certain intervals, and set in movement by the 
peripheral stimulus (distension of bladder, of rectum, etc.). ■ 

The phenomena of micturition and defsecation have, however, 
already been described at length. 

Muscle Tone and the Postural Reflexes. 

In our consideration of the tendon reflexes we saw that certain 
reflexes occxu: when tendons are stretched by tapping or other- 
wise. These reflexes are, however, reaUy part of a most elaborate 
mechanism by which the body maintains its posture and co-ordinates 
its muscular activities. The so-called “stretch reflex” is therefore 
of fundamental importance in the maintenance of posture. 

normally the muscles of the body, even when apparent!}' at 
rest, are not fully relaxed, but are constantly maintained in a state 
of partial contraction. This state we know as tonus. 

This may readily be seen in a decerebrate frog, which, if held up 
by the head, is seen to maintain its legs in a slightly flexed position. 
If, however, the anterior or posterior lumbar roots are cut, or the 
spinal cord in the lumbar region destroyed, the legs hang flaccid. 
It is evident from such experiments that the muscular tone which 
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was present was dependent not only on impulses which pass out 
from the cord but also on those which pass in by the posterior roots. 
Similarly, in man, if any condition is present which interferes with 
the spinal arc, either on the afferent or the efferent side, there is 
unusual flaccidity. On the other hand, if the pyramidal tracts 
are destroyed by disease there is found in association with the- 
increased reflexes a marked rigidity of the lower limbs due to 
increased tone of the extensors. Generally we may say that loss 
of reflexes is associated with loss of tone and increase of reflexes 
with increase of tone. (Cobb, 1925.) 

We may arrive at some, as yet incomplete, explanation 'of these 
facts if we study the phenomenon of muscle tone in animals. 

' The Spinal Animal has already been ^studied (p. 585). It has 
been seen that it is possessed of flexor tone and that it shows an 
exaggeration of the protective flexor reflexes, and may, after a 
period of absence, also show tendon reflexes. (See fig. 197, p. 600.) 

The Mid -Brain Animal. — ^If, however, the section is made 
through the mid-brain, through or just below the red nucleus, 
quite the opposite state of affairs is produced, namely, that first 
described by Sherrington as decerebrate rigidity, which is a state 
in which there is gross exaggeration of the antigravity reflexes. 
The condition has been much studied because of the light it throws 
on the mechanism of posture generally and on states of rigidity 
which occur in disease in man. 

The Nature of the Rigidity . — Fundamentally the rigidity is due 
to a sustained exaggeration of the antigravity extensor reflexes 
already described and the result of stimuli which originate in the 
stretched tendons and muscles, which normally extend the limb. 
In this condition the limbs are fully extended and are rigid as 
the result of increased tone in the muscles of the back and neck 
in the quadriceps, the extensor of the knee, and in the gastroc- 
nemius at the back of the leg. There is produced, in other words, 
a condition of reflex standing, since all the anti-gravity muscles 
are contracted and the preparation can therefore maintain its 
own weight if placed on its feet, but cannot right its position 
if pushed over. The reflex paths concerned in the phenomenon 
may be investigated by studying the condition of the tone present 
in .the quadriceps extensor of the knee. It is foimd that the 
maintenance of the tone depends on both the anterior and posterior 
roots (lumbar 5 and 6 in the case of the quadriceps in the cat),' 
indicating that tonus is dependent on afferent impulses arising 
in the muscle itself. These impulses may be shown to depend 
on the slight stretch imposed on the muscle by its bony attach- 
ments from the tendency for the legs to bend, since, if the tendon 
is severed, the tonus and the impulses which are found by the 
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electrical method to pass up its nerve at the rate of 15 per second 
at once disappear. ITor is the cerebellum concerned for it can be 
removed without affecting the rigidity. That the skin is not 
involved is seen by the fact that decerebrate rigidity is fully present 
in a skinned limb. Impulses from the labyrinth are concerned 
in the neck and forelimb rigidity. 

The, Central Mechanism Involved . — It is seen, however, that the 
central nervous system, as high as the pons, is concerned in the 




Fig. 197 — The upper dra-wing shows the posture of a mid-braiu animal in decerebrate rigidity. The 
lower shows the posture of a spinal cat. A clamp ( JIcDowall) is applied to the vcrtetral arteries, 
the carotid arteries being occluded. Artificial respiration is iieede*!. 

reaction, since destruction of Deiters’ nucleus or section of the 
antero-lateral tract removes the rigidity. Thus we may conclude 
that this condition of decerebrate rigidity depends on a reflex arc, 
of which the afferent side is the afferent nerves from the muscles, 
the posterior roots, aM the antero-lateral tract, while the efferent 
side is the vestibulo-spinal tract from Deiters’ nucleus (Bazett) in 
the upper medulla and lower pons, the anterior roots and the motor 
nerves to the muscles. 

normally it would seem that decerebrate rigidity is essentially 
a release phenomenon ; that is, the reflex arc upon which it depends 
is released by the section from the influence of the higher centres. 
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Fia. 39S. — The lower part of the figure shows a simple spinal reflex arc and the reflex pathways of 
the spinal animal. The upper part shows the arc responsible for decorebr.ato rigidity and the 
sources of the impulses from the red nucleus and the cerebrum which Inhibit it. For convenience 

the vestibulo-sptnal and -'-own as fusing; also only one neurone is shown 

joining PHC and AHC. ■ ' ensory fibre entering the cord is shown dividing. 

The thr-ee branches are di- ■ t cells in the posterior root ganglion. Probably 

there is a chain of internuncial nenrones^with lateral connections at this point. 


The higher centres concerned are the red nucleus and probably the 
cerebrum, for it has been found that careful destruction of the 
red nucleus only (Eanson) or section of the ruhro-spinal tracts , does 
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not cause rigidity unless the pyramidal tracts are also cut, while, 
stimulation of the latter causes the rigidity to disappear (see 
fig. 198). Animals in which the cortex has been removed tend, 
too, to have some extensor rigidity, although the distribution of 
tone is fairly normal (Bard). It would seem then that impulses 
which travel down by the rubro-spinal and the pyramidal tracts 
compete with those from the vestibulo'-spinal tracts for effects on 
the anterior horn cells of the spinal cord. 

In man, states similar to decerebrate rigidity are met with in 
tumours involving the mid-brain and pyramidal tracts, hut the 
legs, for various reasons, are more affected than the arms, which, 
indeed, may be fiexed (see Cortical Flexion, below). In meningitis 
a condition almost identical with decerebrate rigidity may sometimes 
be seen ; in this, retraction of the head is a marked feature. 

In the cat it is easy to demonstrate the conversion of a decerebrate 
animal into a spinal animal by clamping the vertebral and carotid 
arteries. This procedure destroys Deiters’ nucleus wliich, however, 
recovers again if the carotid is released. It is thus possible to 
fiex and extend the legs by clamping and releasing the carotid 
artery. Experimentally, decerebrate rigidity is absent if carbon 
dioxide is washed out by over-ventilation. 

The Characteristics of the Rigid Mv.scles. — The contraction is 
a sustained contraction especially of the red fibres in muscle 
(p. 15). It must then be looked upon as a form of tetanus which 
results from slow periodic discharges of certain motor cells acting 
cycHeaUy. It must be understood that the amount of muscular 
tension thus kept up is only a fraction of the maximum wliich 
can be produced by the same muscles, and the amount of oxygen 
required is only 25 per cent, .above that required at rest. The 
liability to fatigue is, therefore, very little indeed; the rigidity 
can be kept up for many days. The reflexes are very resistant to 
inhibition and their rate of electrical discharge is very slow — 5 to 8 
per second. The postiu’ing limb shows the phenomenon of plasticity, 
which tends to keep the limb in whatever position it is placed. 

The ‘degree of tone in posturing muscles is related to the body 
as a whole (see tonic refiexes below). 

Reflex walking may be seen if a roller platform is moved along the feet of a 
suspended decerebrate animal ; if the movement is rapid the carcase gallops, if 
slow it walks. (Graham Brown.) 

An interesting phenomenon of posturing muscle is the lengthening 
reaction. If the muscle is severely stretched it is felt to give way 
o\ting to a sudden disappearance of the tone as a result of inhibitory 
impulses which pass up from the muscle spindles. This reaction, 
together with fractionation, is important in preventing the tearing 
of muscles. It seems likely that the excessive strength of lunatics 
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and of athletes trained for specialised events somehow have the 
lengthening reaction reduced. 

The Thalamic Animal. — If a section is made above the red 
nucleus, the postural reactions and balance of the animal are 
complete. For convenience the thalamus also is left intact in order 
that the animal shall be able to regulate its own body temperature. 
The animal possesses righting reflexes, that is, is capable of righting 
itself from any position in which it may be placed, although, of 
course by the removal of the cerebrum it is deprived of all volition 
and is a- mere automaton. It can also walk sibout, but it does so 
stifSy because- of the presence of the slight exaggeration of ■ tone 
in the extensor muscles, due to some release of the antigravity 
reflexes. If the animal is suspended there is an extensor rigidity 
not depending on stretch reflexes (Bard and Eioch). 

Experiments on the decerebrate and thalamic animal, which we 
owe largely to the schools of Magnus in Utrecht and of Sherrington 
in Oxford, show that certain parts of the body bear a definite relation 
to each other in the maintenance of posture, and that when one 
part of the body is moved, a reflex alteration in tone changes the 
position of other parts of the body. Thus, if the neck is flexed, the 
fore legs bend and the hind legs extend, wliile the opposite occurs if 
the head is extended (i.e. a tonic necJc reflex occurs). Such movenients, 
it is realised, take place together normally in the life of the animal 
when it is eating or looking up. Also if one leg is bent the other 
may extend as in walking. This is known as the crossed extension 
reflex. Similarly, if the head is turned to one side the limbs on 
that side show inci’eased extensor tonus as if to support the weight 
of the body while the tonus of the opposite side decreases. 

Thus we see that the central nervous system, as high up as the 
thalamus, is possessed of a very large degree of reflex activity which 
automatically promotes the interests of the animal. 

Cortical Flexion. — As an animal comes out of certain 
' ansesthetics, e^.g. avertin and sometimes ether, it develops typical 
decerebrate rigidity. This, however, gives way to a flexor rigidity 
which is seen in the' fore-limbs before the hind-limbs. It has been 
shown that this rigidity depends on the cerebral cortex, since it 
is absent if the cortex is removed (Blair and McUowall). The 
state is so like that present in a spinal^ animal that it may be 
suggested that it represents a group of higher protective reflexes. 
The phenomenon is important as it’ is so similar to the state 
of flexed fore-limbs and extended hind-limbs ^ seen m cerebral 
hsemorrhage in man. The so-called convulsions which occur 
occasionally during ether, anaesthesia may be also similarly produced. 
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toie Maintenance of Posture. 

The facts which have been given above show quite definitely 
that the maintenance of posture is purely a reflex phenomenon 
which does not involve the cerebrum or conscious eflfbrt. The 
experiments given above suggest that the muscular reflexes with 
which the nervous system of the elementary spinal animal is 
concerned are those of protection of the animal. With the greater 
development of locomotion are developed the antigravity reflexes 
which are exhibited by the decerebrate animal. Such extensor 
reflexes have arcs through the medulla and pons. They do not, 
however, depend, as. used to be thought, on the cerebellum. 
Normally, however, these extensors appear to be held in check by 
a still higher set of reflexes involving the mid-brain. In the 
higher mammals this part of the brain is quite small, but in lower 
animals, especially those who have to maintain posture in vertical 
as well as horizontal planes, e.g. birds and fishes, the so-called optic 
lobes of the mid-brain are more conspicuous than any other part 
of the brain. These are represented in the mammal by the corpora 
quadrigemina, which are quite small. 

Muscular Co-ordination and the Maintenance of EguiWbrium . — 
Although postui’e and equilibrium are closely allied phenomena 
they are not quite identical. Equilibrium includes the maintenance 
of posture, but involves also maintenance of steadiness during 
muscular movement, such as walking. In this, the maintenance of 
proper co-ordination of muscular activity is essential. The reflexes 
concerned are very similar to those of posture, but, apparently, 
normally they involve to a greater extent the cerebellum and the 
semicircular canals. 

c % 

Receptors and Reflexes concerned in Posture and 

Equilibrium. 

The aflferent impulses originate from the following four sources : — 
skin; joints and muscles ; retinre; labyrinths. 

In the accurate investigation of these reflexes decerebrate animals 
are used for the tonic postural reflexes, and thalamic animals (p. 603) 
for the righting reflexes. lYhen one kind of receptor is being 
investigated it is necessary to exclude the others, c.g. by blindfolding, 
by removing the labyrinths, or by immobilisiog muscles. 

1. The Skin. — Sherrington has shown how comparatively 
unimportant is the loss of tactile sensibility from the feet. A cat, 
in which the feet have been completely desensitised by division of 
nerves, can stand and walk without obvious inconvenience. 

It has been shown, however, by Rademaker that certain body righting reflexes 
which tend to bring the body from the lateral to the normal position have their 
origin in the skin. 
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2. The Muscles and Joints. — We have already seen that 
stretching or tapping of a muscle may originate nerve impulses. 
This occurs from the stretching or compression of the specialised 
nerve - endings, the tendon organs, and muscle spindles. The 
shortening reaction appears to depend on the tendon organs (Dennv 
Brown) which, however, are not confined to the tendons as originally 
thought, while the lengthening reaction depends on the spindles. 
The spindles give rise to impulses by which we become aware of 
the movement and position of our muscles, but in this connection v/e 
are concerned with those impulses which do not reach consciousness. 
The fibres which carry the latter are off-shoots of the sensory fibres 
and reach the mid-brain and cerebellum via Clarke’s column and the 
cerebellar and tecto-spinal tracts. 

Tiip. reflexes which are set up are known as tonic and righting reflexes, which 
rr^'- arise from the muscles of the body or the neck. Some cause the body to 
follow the head (neck righting reflexes), others (tonic neck reflexes) cause a change in 
tone in certain muscles (p. 603) in accordance with the requirements of the head. 

The difficulty experienced by quite normal persons in standing 
on ,one leg with the eyes shut, is due to a reduction of the number 
of these impulses, for the same subjects with the eyes shut can stand 
quite easily on both legs; displacement of the centre of gravity, 
caused by standing on one leg, must however be taken into account. 
In many cases of tabes* there is but little loss of tactile sensibility, 
and the condition of inco-ordination is chiefly due to the loss of 
impressions from muscles and joints. In these cases, however, the 
sense of equilibrium is not lost ; the man realises that he is unsteady. 

3. The Retinae. — The eyes are important sensory receptors in 
relation to posture and equilibrium. 

"They are the receptors of the optical righting reflexes. It can be shown that if 
a labyrinthectomised monkey be blindfolded and suspended in any position it makes 
no attempt to right itself, but does so as soon as the bandage is removed. The 
centres for such reflexes are in the occipital cortex. 

The importance of the retinse is increased when the other receptors 
are interfered with. This is well illustrated by the case of the 
tabetic who has deficient joint and muscle sense due to disease of the 
posterior nerve-roots ; the visual postural reflexes have become 
educated to replace the diminished reflexes from the muscles, and 
directly the "individual is deprived of them he becomes unsteady or 
even falls. This phenomenon is known as Eomberg’s sign. - Since, 
however, the labyrinths are normal the subject is quite aware of his 
unsteadiness. _ _ , .... 

As has been indicated above, the capability of an individual to 
stand on one leg depends, to a considerable extent, on impulses 
from the eyes. In some individuals the paralysis of accommodation , 
by the instillation of atropine into the eyes causes interference with 

* See footnote on p. 594. 
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the maintenance of posture. This suggests that the actual focusing 
of objects is of special importance. 

Bandaging of the eyes in animals often causes them to spin 
round and lose their balance. The giddiness experienced by many 
people on looldng from a height or at moving water, or after the onset 
of a squint, or when objects are viewed imder imusual circumstances, 
as in the ascent of a mountain railway, is due to the same thing. 
It should be understood that visual impressions in themselves are 
not the sole guide. It is the projection of what is seen in relation 
to the position of the body (ascertained by the innervation of the 
neck muscles and of the 'ocular muscles) wliich is the chief guide. 



Flo. 199 Section of human semicircular canal. (After Riidingor.) 1, Bone; 2, periosteum; 3, S, 

fibrous bands connecting tbe periosteum to 4, the outer fibrous coat of tlio membranous canal ; 
5, tunica propria ; 6, epitbelium. 

4. The Labyrinth. — An external mew of the labyrinth, winch is 
enclosed within the petrous portion of the temporal bone, is shown in 
fig. 245, p. 718. The labyrinth consists of three parts — the vestibule 
(1), the three semicircular canals (3, 4, 5) which open into the 
vestibule, and the tube, coiled like a snail’s shell, called the 
cochlea (6, 7, 8). The coclilea is tbe part of the apparatus wliich is 
concerned in the reception of auditory impressions ; it is supplied by 
the cochlear division of the eighth or auditory nerve. The remainder 
of the .internal ear is concerned not in hearing, but in the reception 
of the impressions we are now studjong; it is supplied by the 
vestibular division of the eighth nerve. Witliin the vestibule are 
two chambers made of membrane, ’ called the utricle and the 
saccule ; these communicate with one another and with the canal of 
the cochlea (see Hearing). 'Within each bony canal is a membranous 
canal of similar shape. Each canal is filled with a watery fluid 
called endolyTrvph, and separated from the bony canal by another 
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fluid Called perilymph. Each canal has a swelling at . one end called 
the ampulla. The membranous canals open into the utricle: the 
horizontal _ canal- bj each of its ends ; the superior and posterior 
vertical canals by three openings, these two canals being connected 
at their non-ampullary en(^. 

Fig. 199 shows in transverse section the way in which a mem- 
branous canal is contained within the bony canal; the membranous 
canal consists of three layers ; the outer - layer is fibrous and 



Fio. 200. 

continuous with the periosteum that lines the bony canal; then 
comes the tunica propria, composed of homogeneous material, and 
thrown into papillae except just where the attachment of the 
membranous to the bony canal is closest; the innerrnost layer is a 
somewhat flattened epithelium. 

At the ampulla there is a different appearance ; the tunica propria 
is raised into a hillock called the crista acustica (see fig. 200) ; the 
cells of the epithelium become columnar in shape, and to some of 
them fibres of the eighth nerve pass, arborising round them ; these 
cells are provided with stiff hairs, whieh project into what is called 
the cupula, a mass of rriucus-hke material. Between the hair-cells 
are fibre-cells which act as supports. When -the pressure of the 
endolymph in the interior of the canals is altered, the hairs of 
the hair-ceUs are affected, and a nervous impulse is set up in 
the contiguous nerve-fibres, which carry if to the central nervous 
system. The stimulation of -.the hairs is brought about by the 
movements of the endolymph. 
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The Function of the Otolithic Cavities. 

Since the position of the head is of such importance 
maintaining posture, a special mechanism has been developed witl 
the utricle and saccule * which is affected by gravity and in whi 
impulses are set up which are carried to the brain also by t 
vestibular nerve. 

In each saccule and utricle is the macula, resembling 
structure the cristas acusticae of the semicircular canals (p. 61 
but in addition there are entangled in the hairs of the hair-ce 
calcareous bodies known as otoliths, which stimulate the hairs 
pulling. The fimction of an otolitiiic cavity was first discover 
in the crayfish, whose cardty is open to the exterior and whi 
replaces the otoliths periodically by grains of sand; when'Eo-e: 
replaced the sand by iron filings and approached the animal wi 
a magnet, the animal could be made to turn somersaults or 
adopt any position, according to the direction of pull of t 
magnet. In the mammal, definite alterations in the tone of muse 
are caused by change in position of the head, even when t 
reflexes due to stretching of the neck muscles are excluded by fixi 
the neck in plaster of Paris. The reflexes from the labyrinths ha 
a longer latent period than those from the neck; the effects fr( 
neck and labyrinth are summated. 

The reflexes are of two categories : (1) tonic labyrinthine rejlt 
which are shown by the decerebrate animal'and which relate t 
position of the body and limbs to that of the head. These depe 
on the utricle whose otoliths lie above the horizontal maculfe, a 
(2) labyrinthine righting reflexes which are shown by the thalan 
animal and which are concerned with maintaining the head in t 
normal position in relation to the earth’s surface. If the body 
moved in such an animal the head is airtomatically righted. T 
asymmetric righting reflexes depend on the saccules whose otolil 
lie lateral to the vertical maculce ; the symmetrical righting refle: 
arise probably in both utricles and saccules. 

After bilateral destruction of the labyrinth an animal so 
recovers from the effect of the operation, because of its msi 
postural reflexes; but certain functions are never recovered. I 
cat, for example, never regains its proverbial power of falling 
its feet if thrown from a height, and ceases to he able to rise to t 
surface and swim when thrown into water. 

The function of the otolithic cavities only may be destroyed 
centrifuging the aniihal, a procedure which causes it to be unable 

* There is some evidence that the saccule is chiefly concerned with 
appreciation of coarse vibration. 
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regain its posture, but it may still respond to some extent to sudden 
movement of the head as the semicircular canals act normally. The 
otolithic cavities may then be looked upon as the organs of static 
equilibrium. 

The vestibular nerve arises from the bipolar cells of the ganglion of Scarpa, 
Avhich is situated in the internal auditoiy meatus. The peripheral axons ramify 
among the hair-cells of the epithelium in the utricle, saccule, and semicircular 
canals. The central axons enter a collection of small nerve-cells between the 
restiform body and the descending root of the fifth ; this is termed the principal 
nucleus ; here they bifurcate ; the descending branches run towards the lower 
■part of the bulb, and arborise round the cells of the neighbouring grey matter 
(descending vestibular nucleus). The ascending branches pass upwards, some to 
the cerebrum, but most by the restiform body to the cerebellum ; in their course 
they give off many collaterals which form synapses with the cells of two nuclei 
near the outer angle of the ventricular floor, known as the nucleus of Ibeiters and 
nucleus of Bechtereio. The fibres which arise from Deiters’ nucleus pass into the 
•posterior longitudinal bundles of both sides; those which start in Bechtereio's 
nucleus become longitudinal, but their destination is uncertain. 


The Function of the Semicircular Canals. 

It will be noticed that the canals on each side are in three 
' planes at right angles to each other, and we learn the movements 
of the head with regard to the three dimensions of space by 
means of impressions from the ampullary endings of the vestibular 
nerve ; these impressions are set up by the varying pressure of the 
endolymph in the ampullae. 

Thus a sudden turning of the head from right to left will 
cause movement of the endolymph towards, and therefore increased 
pressure on, the hair-cells connected to the ampuUary nerve-endings 
of the left horizontal canal, and diminished pressure on the corre- 
sponding apparatus of the right side. It is probable' that resulting 
from such a movement two impulses reach the brain, one the effect 
of increased pressure in one ampulla, the second the effect of decreased 
pressure in its fellow. It may even be that increased pressure on 
one side of a crista is accompanied by diminished pressure on the 
opposite face of the same crista. 

“One canal can be affected by, and transmit the sensation of 
rotation about one axis in one direction only; and for complete 
perception of rotation in any direction about any axis, six canals are 
required in three pairs, each pair being in the same or parallel planes, 
and their ampuUse turned opposite ways. Each pair would thus be 
sensitive to any rotation about a line at right angles to its plane or 
planes, the one canal being influenced by rotation in one direction, 
the other by rotation in the opposite direction.” (Crum-Brown.) 

The two horizontal canals are in th'e same plane ; the posterior 
vertical of one side is in a plane parallel to that of the superior 
vertical of the other side (see fig. 201). 
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When these canals are diseased in man, as in Meniere’s disease, • 
there are disturbances of equilibrium : a feeling of giddiness, which 
may lead to the patient’s falhng down, is associated with nausea and 
vomiting. In animals similar results are produced by injury, and 
the subject has been cliiefly worked out on birds by Flourens, where 
the canals are large and readily exposed, and in fishes by Lee. 

Thus, if the horizontal canal is divided in a pigeon, the head is 
thrown into a series of oscillations in a horizontal plane, which are 
increased by section of the corresponding canal of the opposite side. 
After section of the vertical canals, the forced movements are in a 
vertical plane, and the animal tends to turn somersaults.. 



Fio. 201.— Diagram of semicircular canals, to show their po-sitions in three planes at right angles to 
each other. It 'will be seen that the two horizontal canals (U) lie in the same plane : and that the 
superior vertical of one side (S) lies in a plane parallel to that of the posterior vertical (P) of the 
other. (The student will understand that, though in the diagram the canals are entirely separated 
from one another, they are really connected.) (After Ewald.) 


“When the whole of the canals are destroyed on both sides 
the disturbances of equilibrium are of the most pronounced character. 
Goltz describes a pigeon so treated which always kept its head with 
the occiput touching the breast, the vertex directed downwards, with 
the right eye looking to tlie left and the left looking to tlie right, the 
head being incessantly swung in a pendulimi-like manner. It can 
neither stand, nor lie still, nor fly, nor maintain any fixed attitude. 
It executes ^'iolent somersaults, now forwards, now backwards, roUs 
round and round, or springs in the air and falls back to recommence 
anew. It is necessary to envelop the animals in some soft covering 
to prevent them' dashing themselves to pieces by the ^’iolence of their 
movements, and even then not always with success. The extreme 
agitation is manifest only during the first few days foUoMung the 
operation, and the 'animal may then be set free without danger; but 
it is still unable .to stand or walk, and tumultuous movements 
come on from the slightest disturbance. , After the lapse of a 
fortnight it is able to maintain its ujiright position. At this 
stage it resembles an animal painfully learning to stand and walk. 
In this it relies mainly on its ‘vdsion, and it is only necessary to cover 
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the eyes with a hood to dispel all the fruits of this new education, 
and cause the reappearance of all the motor disorders.” (Perrier.) 

It is these canals which enable the individual to know in which 
direction he is being moved, even though the eyes are bandaged, and 
the feet are not allowed to touch the ground. On being whirled 
round, such a person knows in which direction' he is being moved, 
and feels that he is moving so long as the rate of rotation varies, 
but when the whirling stops he seems, especially if he opens Ms 
eyes, to be whirling in the opposite direction, probably owing to the 
rebound of the fluid in the canals. The forced movements just 
described in animals are due both to the absence of the normal sensa- 
tions from the canals and to delusive sensations arising from their 
irritation, and the animal makes efforts to correct the movement 
wMch it imagines it' is being subjected to. 

It has been, found possible by Adrian to record from the 
vestibular nucleus impulses set up by movement of the semi- 
circular canals. A canal appears to be stimulated by movement 
in one direction only, but sometimes a resting discharge has been 
recorded which is abolished by movement in the other duection. 

The impulses which co-ordinate reflex movements of the head, - 
neck and eyes are carried by the posterior longitudinal bundle wMch 
connects the nuclei of the cranial nerves with each other and the 
anterior horn cells of the spinal nerves. 

The semicircular canals are then essentially the organs for the 
maintenance of dynamic equilibrium. There is some evidence that 
the semicircular canals may take a greater part in maintaining static 
equilibrium than has hitherto been supposed, and in support of this 
it has been found photographically that in the standing position 
there is usually, if not always, a swaying movement of the head. 
(Magnus, Caniis.) 


Lower Nervous Mechanisms involved in 
Co-ordinated Movements. 

■ It will be understood that such mechanisms are not confined to 
the spinal cord but are concerned in the activities of those parts of 
the brain-stem which control the muscles of the head. A fuller 
description is given by Creed, Denny-Brown, Eccles, Liddell,, and 
Sherrington, 1932. 

Reciprocal Innervation of Antagonistic Muscles. — When a 
muscle is stimulated reflexly so as to flex a joint it is evident 
that the extensor muscles must at the same time become elongated. 

' This elongation is not a passive phenomenon but is an acti'^e 
relaxation of the muscle which, as we have noted on page 598, is 
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always in a state of tonus or partial contraction. Tins may be shown 
experimentally by separating, say, the tendons flexing and extending 
the knee-joint and attaching them to levers. The levers must be 
sufiBciently weighted to stretch the muscle so that their tone may 
be kept up reflexly by the stretch reflex or shortening reaction 
(p. 586). If, then, the knee is caused to be flexed by stimulating an 
afferent nerve of the opposite side it will be foimd that there is 
a lengthening of the extensor muscle. Thus there is, as first shown 
by Sherrington, reciprocal action between the flexors and extensors. 
There is, however, a very marked degree of grading between the 



Fio. 202.— Diagram to illustrate reciprocal innorv.ition. The lIc.Tor and extensor muscles of the thigh 
•are attached to levers as indicated and the femur FE and tlio pehic bone rB firmly held. When 
a sensory nerve of the opposite side is stimulated the extensor contracts hut the flexor relaxes. 


two activities. According to Graham Browm the sum of the 
relaxation and the contraction is equal, the relaxation being graded 
to the contraction by some central meclianism. (See fig. 202.) 

In every voluntary act tliere is tliis reciprocal contraction and 
relaxation of antagonistic muscles. In some persons the relaxation 
of the deltoid muscle can be felt if the elbow is supported on the 
arm of a chair and the limb is actively pressed against the side. 

Sometimes this reciprocal arrangement gets thrown out of gear. 
This occurs in strychnine poisoning and in lockjaw. I^Tien the im- 
fortimate patient tries to open his mouth the stronger muscles 
which ought to relax contract at the same time and the jaw is fixed. 
Death occurs from asphyxia because the respirator}' muscles go into 
spasm and fix the thorax as a result of the failure of the reciprocal 
mechanisms. 

It is suggested by Gasser (IDS'!) that the inhibition is produced 
at certain cells by very rapidly travelling impulses which are capable 
of producing a subnormal phase such as occurs in peripheral nerve 
(see Refractory Phase of Herve). (See also p. 615). 
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Of course by volition it is possible to contract flexors and 
extensors simultaneously. 



Fio. 203. — The scratch reflex. Tracing of the flexors of left hip evoked by stimulation of the skin 
of the shoulder. The depression in the signal line S Indicates the commencement of the stimulation, 
and its rise the termination. While this was going on, the left foot was stimulated, and the 
depression of the signal line L indicates the duration of this stimulation ; durhig the stimulation 
of the foot, and for a short time afterwards, the scratch reflex is inhibited, but the scratch reflex 
returns soon afterwards. The time is registered in fifths of seconds. To be read from left to 
right. (Sherrington.) 


The Principle of the Common Path and of Convergence. — 
When a muscle is made to contract reflexly the impulse which starts 
at the point of stimulation uses a path which can only be used by 
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similar impulses arising from a given region of the body. It is 
a private path. When, however, the impulse reaches the spinal cord 
it uses paths used by impulses from other regions, and when it 
reaches the anterior horn cells through which it is finally effective 
it is said to use the Final Common Path from the motoneurone 
pool (p. 593). This is a public path upon which all impulses 
intended to reach any given muscle must converge. Upon this 
path converge not only afferent impulses arising from the periphery 
but the impulses wliich arise in the higher parts of the brain 
and are concerned in voluntary activity. 

It is evident that occasions must arise in which there is 
competition, as it were, for tlie final common path. 

Tor the investigation of such a problem, the “ scratch rcjlcx ” of 
the dog is one that lends itself admirably. This can best he studied 
in the “ spinal ” dog, that is in a dog in which cerebral influence is 
shut off by division of the spinal cord in the lower cerucal region. 
If the slrin over a large saddle-shaped area covering the shoulders 
and back is gently scratched or stimulated with a weak faradic 
current on one side, the hind leg of the same side executes scratching 
movements, which involve flexor muscles principally. The scratch 
reflex is a movement by which an animal presumably rids itself of 
irritating insects. 

When, however, the foot is stimulated the impulses set up, if 
noxious, take precedence in the final common path and the scratch 
reflex is inhibited (fig. 203). 

The factors wMch are chiefly concerned in determining pre- 
dominance in the final common path are (1) Strength of stimulus ; 
(2) Importance of the stimulus in relation to survival ; severe pain, 
for example, usually dominates. (3) Fatigue, however, reduces the 
power of dominance of a given stimulus. 

The final common path is also used by a variety of reflexes, for 
in the language of the Oxford School “ there is no reason to believe 
that the crossed extensor and the stretch reflex each possess a 
private motoneurone pool ” ; that is to say, the same groups of cells 
in the anterior horn of the spinal cord are used by a variety of 
stimuli arising from different sources. 

Reinforcement . — Instances of reinforcing action may be foimd; 
for example, if two points of the skin of one shoulder are stimulated 
with a very feeble current, neither stimulus alone may be sufficient 
to evoke the scratch reflex, but the two together may elicit it; 
in order to attain tliis result the two points of skin must be 
fairly close together. Further detail is obtainable from Creed and 
others. 
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The Phenomenon of Excitation. 

The problem of excitation in the central nervous system is 
similar to that of the excitation of a muscle by a nerve. We do 
not know whether it is essentially chemical or physical. 

It is known that a central excitatory state can be built up by 
several sub-threshold stimuli which individually are insufficient to 
evoke a response. Moreover, the summation may be produced 
by the stimulation of different afferent nerves. Further, the 
application of one effective stimulus which has a central reflex time 
of 3-5 m. sec. reduces that of a second stimulus to 0'5 m. sec. 
provided the interval between the two is not more than 5-6 m. sec. 


The Phenomenon of Inhibition. . 

Peripheral Inhibition. — This we have already noted in relation 
to the effect of the vagus on the heart, the inhibition offwliich is 
now known to be produced through the mediation of a chemical 
substance, acetyl-choline. Inhibition of the intestine by the 
splanchnic nerve is similarly brought about by the production 
of an adrenaline-like substance. How exactly these substances act 
is, however, unknown. 

Central Inhibition. — As yet we have but fragmentary knowledge 
of this subject, but it is important not only in relation to spinal 
reflex but in relation to the higher reflexes which influence our 
social conduct. We have already discussed examples, e.g. the scratch 
reflex and reciprocal inhibition. Another is the crossed extension 
reflex (see p. 587). This may be brought about by stimulating the 
popliteal nerve of the opposite side at 48 per second when sustained 
contraction of the quadriceps occurs. Sthnulation of a sensory 
nerve of the same side for even 0'3 sec. at once causes the contraction 
to cease, as seen in fig. 192. 

- This inhibition apparently takes place in the region of the 
anterior horn cells concerned and not on. the sensory side of the arc, 
for cessation of the stimulus from the opposite side for a similar 
period (0-3 sec.) has no effect because of the after-discharge of the 
motor cells. ' . _ 

A central inhibition of the knee-jerk can also be produced and it 
can be shown that it is much easier to inhibit the knee-jerk of a 
spinal animal than that of a decerebrate animal. 

In relation to conditioned reflexes below we shall see that 
whatever the nature of inhibition it is an active process, while the 
action of strychnine, wliich we have noted in relation to reciprocal 
innervation, suggests that it is a chemical process. 
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Many ingenious theories have been elaborated to account. for 
existing facts, but so far each has" fallen short when new facts have 
come to light. We are now doubtful whether peripheral and central 
inhibitions are such similar phenomena as appeared before the fact 
that nerves liberated chemical substances was discovered. 

The extremely rapid action of the nervous system makes it 
difficult to imagine that the accumulation and disappearance of 
chemical substances are concerned. Yet all the available evidence 
indicates that changes of a physico-chemical nature take place. 

It can, for example, be shown that when an afferent impulse 
reaches the motor cell of a reflex arc a central excitatory state 
is set up. It is capable of summation as a result of a succession 
of subminimal stimuli along the same afferent nerve, and when a 
certain degree of excitation has accumulated it discharges. There is 
evidence, however, that the discharge may vary in rate and it is 
suggested that muscle activity may be graded thereby. It is indeed 
possible to discharge the motor cell artificially by stimulating its 
axon and causing an impulse to pass up to the cell in the 
wrong direction. After-discharge can thereby be prevented (Eccles 
and Sherrington). The rate of discharge can be measured by 
recording the electrical variation of the muscle and the gradation 
of muscle activity (or the relative number of motor units throvm 
into activity) ascertained by finding the tension set up by the muscle. 

It can be shown that there can in the same way be a summation 
of a central inliibitory state. This, however, is more persistent 
than C.E.S. (central excitatory state), and is not discharged by 
“ antidromic ” impulses. 

As already mentioned, it .has been suggested by Gasser that 
central inhibition is due to the production of a subnormal phase in 
motor cells such as occurs in peripheral nerve, and this view receives 
considerable support from the work of Eccles who, in studying 
the electrical response of ganglia, has shown that the occurrence 
of after-potential is related to the excitatory state as in the case 
of nerve-fibres. Details of this difficult subject are found in a 
review by Eccles (see references), but it will be seen that it is 
very difficult to reconcile this electrical view of excitability with 
that of chemical transmission at the sjmapses. 

We must assume that in the delicate co-ordinated movements 
of which our muscles are capable and in which, as we have seen, the 
cerebellum, etc., are concerned, the mechanisms of excitation and 
inhibition are likewise intimately concerned. 

Rhythmical Activity. 

In many parts of the nervous system rhythmic activity is seen. 
The best known, perhaps, are those of the respiratory centres, the 
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scratch reflex just described, and that of stepping. In the case of the 
ankle clonus we have seen that it is dependent on tension on the calf 
muscles being maintained. Generally, however, the phasing of 
]-hy thmic movements is not caused by afferent stimuli, although they 
may regulate them, for they occur if the- afferent pathways are cut. 
The rhythmicity depends on some inherent central mechanism not 
yet understood. 


Conditioned Eeflexes. 

In this variety of reflex we have the participation of the 
cerebral cortex and apparently of consciousness in its formation, 
and it is so called because it depends on training or conditioning 
for its establisliment. Conditioned reflexes are not inborn, lilce 
the reflexes we have hitherto been considering, but have become 
acquired by the animal during its life-time. Our knowledge of these 
reflexes we owe largely to Pavlov, who has placed their study on an 
experimental basis. His classic experiment is well known. He 
showed that if a bell was rung each time food was given to a hungry 
dog, eventually the dog secreted , saliva when it heard the bell 
although food was not presented. The showing of the food to the 
dog constitutes the unconditioned stimulus, the ringing of 'the bell 
the conditioned stimulus. The fact that a dog will secrete saliva 
when food is offered is well known, and may be looked upon as an 
inborn or unconditioned reflex; but it has now been shown that 
practically any stimulus not involving serious hurt to the animal, 
and provided it begins to act slightly before the normal activity, 
may, if it occurs simultaneously with the normal stimulus, become 
the conditioned stimulus. Even the, cessation of a stimulus, e.g. 
of the ringing of a bell, may act as a stimulus. The sight of 
the syringe used for the injection of apomorphine is eventually 
sufficient to cause vomiting although no actual injection is made. 
Failure, however, to follow the conditioned by the unconditioned 
stimulus leads to weakening' and eventually to loss or extinction of 
the reflex. Even allied reflexes are affected, a fact which indicates 
that the extinction is an active inhibitory process. A conditioned 
reflex may become established in relation to any reflex activity of 
the animal, even to the knee-jerk, but for the sake of simplicity 
most of the work has been carried out in relation to the secretion of 
saliva. For more accurate work the duet of a salivary gland is 
brought to the surface,, so that the saliva can be easily collected 
and measured. 

It is evident that in the formation of a conditioned reflex two 
processes occur, namely, an analysis of the stimulus which takes 
place in the cerebrum, which with the appropriate afferent nerve 
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and nerve-ending comprises the analyser, and an association of the 
conditioned and unconditioned stimulus. If the appropriate part of 
the cortex is removed, e.g. the temporal areas in a case in which the 
conditioned stimulus is a sound, the reflex disappears. This experi- 
ment is important, as it indicates that the reflex does not depend on 
any short-circuiting mechanism through lower centres as has been 
suggested. 

Conditioned reflexes are of interest as they offer a method of 
investigation of the analysers and the power of the lower animals to 
■differentiate between different kinds and intensities of stimuh; for 
example, it has been shown that a dog can differentiate between half 
tones on the piano. It has been possible also by their study to show 
that the power of localising the side from which a sound comes 
depends on integrity of the corpus callosum which joins the two 
cerebral hemispheres. 

Conditioned reflexes show many of the characteristics of reflexes 
generally. Thus there may be summation from the addition of two 
conditioned stimuli. There may also be spread, but in this case it is 
in the area stimulated. If there is a localised condirioned stimulus 
from the skin, other near-by areas may subsequently give a similar 
response. Somewhat akin to this phenomenon is that of linking, in 
which it is found that if a reflex has become established to one sound 
it is much more easy to establish a second reflex from another sound. 

Repetition plays a very important part in conditioned reflexes. 
It is not only necessary for the formation of the reflex but is 
essential for its maintenance, otherwise the reflex tends to decay. 
It is, however, readily reinforced by repetition of the procedure 
following up the conditioned by the unconditioned stimulus. 

Conditioned reflexes are liable to be inhibited or stopped, in 
certain circumstances. If, for example, an extraneous noise is 
heard this may cause a temporary external inhibition of the 
reflex. For this reason the animal is arranged in the special room 
indicated in the illustration and is observed indirectly through a 
system of mirrors or a periscope. If, however, the stimulus is 
harmful and affects the same region as the conditioned stimulus, the 
inhibition may be permanent. It is to be noted that the animals 
experimented upon are on the friendliest possible terms with the 
observers. 

It has been found that a considerable interval may occur between 
the conditioned and the unconditioned stimulus, provided the former 
is apphed first. A dog may thus be taught to secrete saliva half an 
hour after a beU is rung {i.e. inhibition of delay). Tliis is known as 
a trace reflex. In the interval some definitely active inliibition must 
be present to prevent the stmiulus from acting, since the introduction 
of an extraneous stimulus dufrug the interval causes an immediate 
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flow. If, however, in the interval, another stimulus is applied which 
the dog has been taught to associate with no food, it is found that 
an inhibition of the conditioned reflex has been produced, and that 
the latter cannot be elicited again for some time. This we call a 
conditioned inhibition, or if the animal has had to differentiate 
carefully between the positive and negative stimuli, differential 
inhibition. Conditioned inhibition leads to extinction of the reflex. 



a fact which is of considerable practical importance in relation to 
undesirable habits in children. When mustard is put on the 
fingers of a child which sucks its fingers it obtains the reverse 
of satisfaction from putting its fingers in its mouth and' ceases 
to do so. All forms of inhibition other than those caused by 
extraneous stimuli are known as internal inhibition, since they 
involve an active inhibitory process. Evidence indicates that this 
inhibition occurs in the cerebral cortex. Further, it is found 
that if an inhibitory stimulus is repeated its after-effects may be 
summated, the inhibition may involve larger areas of the cerebral 
cortex, and other conditioned reflexes may become affected. Hot 
only so, but the inhibition may spread more generally and the 
animal appears to go to sleep, Pavlov suggests that such sleep is 
closely related to hypnotic and normal sleep, which, according to 
this view, is due to accumulated inhibition or^the receipt of stimuli- 
whieh are related to cessation of activity. The observance of time 
of night, the ceremony of preparing for bed, provide examples of 
such stimuh in man. Experimental sleep -is , most likely to occur 
during differential inhibition, by repetition of thermal stimuli or 
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during the interval between the application of a conditioned and 
its associated unconditioned stimulus as in the trace reflex. The 
sleep produced may be very profound and during it the animal 
is remarkably irresponsive to stimulation. The inhibition may 
involve limited areas of cortex, but an inhibition produced in one 
analyser may spread to another adjacent, and even the motor cortex 
may become involved. In man also we know that sleep may be 
similarly patchy, and that many activities, e.g. walking, hearing, even 
reasoning, may take place during sleep. 

Many attempts have been made to make diagrams of possible 
new paths being laid down and of short-circuits formed. Such 
diagrams are more fanciful than useful since the amount of exact 
information on such subjects is negligible. It seems indeed more 
probable not that new paths exist separately but that they are 
merely different from the old in that the impulses pass along them 
at too great a rate to affect consciousness. There is now evidence, 
however, that it is possible to establish conditioned reflexes in dogs 
in which the cerebrum has been removed. In these, other parts of 
the brain have become the analysers, but they can only appreciate 
comparatively crude stimuli. 

Of interest appears to be the importance of coincidence in 
time in the formation of conditioned reflexes. Since a nerve 
impulse is self - propagating it is reasonably possible that two 
impulses arising at the same time in different parts of the body 
may eventually meet. It may be that this hitherto little appreciated 
point may be of fundamental importance in relation to the formation 
of conditioned reflexes. 

Some very interesting observations in this relation have been 
made on animals which appear to throw light on human behaviour. 
For example, when an animal has acquired a positive response to 
an object of circular form and a negative one to an ellipse, great 
irritability and restlessness are observed if an object intermediate 
in shape is used. The state produced is comparable to that of 
neurasthenia in man or the irritability produced when one is unable 
“ to make up one’s mind.” 

It is evident that the learning of so-called tricks by the lower 
animals must depend on similar mechanisms. It may be that many 
of the problems of memo^’- do so also, for we can readily say that 
the dog “remembers” the association of the conditioned with the 
unconditioned stimulus. 

Pavlov has been able to differentiate between different kinds 
of nervous systems in regard to the ease with which excitatory and 
inhibitory states may be formed. Some are well balanced, others 
less so ; he draws attention to similar differences which occur in 
human temperaments. 
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It is but a step from the conditioned reflexes just described to 
: the phenomenon of acquiring habits or habitual actions, such as are 
involved in learning to ride a bicycle or drive a motor-car. The 
movements are, in the first instance, acquired as a result of conscious 
■ effort, but subsequently become z'efiex in nature and no longer 
involve such effort. Until we attempt to write or use a knife and 
fork with the unaecustomed hands we scarcely realise how many of 
our. actions are reflex in character. In relation to posture, for 
example, we have a large number of inborn reflexes, but in addition 
to these we may by practice acquire a vast number of others, our 
total capability in relation to postural equilibrium being a combina- 
tion of the inborn and the acquired. How far some of the still 
higher activities 'of the brain may be held to be a similar summation 
of inborn and acquired characteristics leads into the realm of 
psychology, which is outside our present province. 

The Role of Heredity. — It is of interest to observe at this point 
that in spite of many experiments no evidence has -been obtained 
that conditioned reflexes can be inherited. In these experiments the 
remarkable discovery was made that puppies do not appear to have 
any hereditary preference for meat. That is, however, not to say 
that the influence of heredity may not be important in determining 
the ease with which certain reflexes may become established. It is 
well recognised that it is easier to train some dogs (and some 
humans) than others. 

The Biological Function of Conditioned Reflexes. 

It is easy to develop a whole philosophy on the basis of 
conditioned reflexes, and to make out a case for the greater part of 
human behaviour being dependent on the development of such 
reflexes. This has been done by Pavlov and by Watson m what is 
known as the Behavourist School of Psychology ; its views have, 
rightly, not received general acceptance although they explain more 
than at first sight seems possible. (See McDowall, 1943.) 

The importance of conditioned reflexes to the animal is that they 
constitute the basis of learning and give a greatly increased 
significance to sensations and in this way give the animal a greater 
appreciation of its environment. Thus it may be forewarned of 
danger, and the acquisition of food is also facilitated. 

In civilised communities the establishment of positive and 
negative reflexes makes community life possible through the medium 
of restraints and conventions of which that of language is the most 
important since it makes possible the conveyance of ideas from 
one person to another. 
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STEUGTURE OF THE CEREBRUJI 

The cerebrum consists of two lialves, called cerebral hemispheres, 
separated by a deep longitudinal fissure and connected by a large 
band of transverse commissural fibres known as the corpv^ callosum. 
The interior of eaeh hemisphere contains a cavity of complicated 
shape, called the lateral ventricles, which are a continuation upwards 
of the fourth and third ventricles. 

Each hemisphere is covered vdth grey matter (so-called because 
it is grey in colour when cut across) wliich passes down into the 
fissures. This surface grey matter is called the cerebral cortex. 
It varies in amount direetly with the amount of convolution of 
the surface. Under it white matter is situated; and at the base 
there are masses of more grey matter. These masses consist of the. 
thalamus and the basal ganglia, of which the most important are 
the lentiform or lenticular nucleus and the caudate nucleus, which 
.together form the corpus striahim. 

The Convolutions of the Cerebnim. 

The surface of the brain is marked by a gi’cat number of depres- 
sions which are called fissures or sulci, and it is - this folding of the 
surface that enables a very large amount of the precious grey 
matter of the cortex to be packed witliin the narrow compass of 
the cranium. In the lowest vertebrates the surface of the brain 
is smooth, but going liigher in the animal scale the fissures make 
their appearance, reaching their greatest degree of complexity in 
the higher apes and in man. This is well seen in the figure on 
p. 623. 

In an early embryonic stage of the human feetus the brain is also 
smooth, but as development progi-esses the sulci appear, until the 
' climax is reached in the brain of the adult. 

The following figure (fig. 205), comparing the brain of one of 
the lower monkeys with that of the child shortly before birth, shows 
the close family likeness in the two cases. 

The sulci, which make their appearance first, both in the animal 
scale and in the development of the human foetus, are the same. 
They remain in the adult as the deepest and best-marked sulci ; they 
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CONVOLUTIONS OF THE CEEEBRUM 

are called the primaiy fissures or sulci, and they divide the brain into 
lobes, details of which are to he found in textbooks of Anatomy 
By far the most important of these is the fissure of Eolando ox 



Fio. 205. 


A. Cerebral hemisphere of adult Macacque monkey. 

B. Cerebral hemisphere of child shortly before birth. 

The two brains are very much alike, but the growth forwards of the frontal lobes even at this early 
stage of development of the human brain is quite well seen. S, fissure of Sylvius ; E, fissure of 
Eolando. 

t 

central sulcus, which is seen in fig. 206. The remaining sulci, called 
the secondary fissures or sidci, further subdivide each lobe into 
convolutions or gyri. 



Fiq. 206.— Eight cerebral hemisphere, outer surface. 


The White Matter of the Cerebrtuii. 

The white matter of the cerebrum, like white matter elsewhere, is 
made up of medullated nerve-fibres. According to the direction of 
the fibres, they may be divided into three principal groups (see figs. 
207 and 208) 

1. Association fibres . — These pass from convolution to convolution. 

2. Commissural fibres. — These pass , by the commissures of the 
brain, of which the most important is the corpus callosum, so as^ to 
link the convolutions of one hemisphere with the corresponding 
convolutions in the opposite hemisphere, where they terminate in 
arborisations (synapses) round the cells of the grey cortex. 
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Fio. 207.— Lateral view of a human hemisphere, ehowing the main bundles of a-ssociation fibres (Starr), 
A, A, between adjacent convolutions ; B, between frontal and occipital arca.s ; C, between frontal 
and temporal areas (cingulum); D, between frontal and temporal areas (fasciculus uncinatus); E. 
between occipital and temporal areas (fasciculus longitudinal is inferior); C-N., caudate nucleus ■ 
O.T., thalamus. 



Fio. 208. — Diagram of the projection fibres within the brain (Starr). A, tract from the frontal gyri to 
the pons nuclei and so to the cerebellum; B, motor pyramidal tract; C, sensory tract for touch; 
D, visual tract or visual radiation; E, auditory tract or auditory radiation ; F, G, H, superior, 
middle, and inferior cerebellar peduncles; J, fibres between the auditory nucleus and the inferior 
corpus quadrigeminum; K, motor decussation in the bulb; F, Y, fourth ventricle. The numerals 
refer to the cerebral nerves. The sensory radiations are seen to bo massed towards the occipital 
end of the hemisphere. 
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3. Projection fibres . — These are the fibres which run more or 
less' vertically and link the cerebrum to the lower portions of the 
central nervous system. They may be divided into the efferent and 
afferent systems which are composed of fibres wlueh convey impulses 
from and to the cortex respectively. These can best be studied from 
figs. 207 and 208. 


Histological Structure of the Cerebral Cortex. 

The cortex may be di'vdded into six primary layers (fig. 209). 
These are based on the staining of cells (see Economo) ; — 

1. The outer fibre layer . — ^This is composed of fibres derived 
from the dendrons of the cells of the next layer and many are 
afferent fibres from the white matter. The few nerve-cells inter- 
mingled with these are fusiform and branched, and have . several 
processes which lie horizontally beneath the surface. Neuroglia cells 
are also present. 

2. External granular layer . — This consists of large numbers of 
small cells of a variety of shapes closely packed. 

3. Pyramidal cell layer. — This consists of medium-sized p}T:amidal 
cells, the large cells being the deepest. Branched dendrons run to 
the surface and laterally. The lateral processes are also branched 
dendrons. The axon originates from the base. This layer of small 
pyramids increases in depth as we ascend the animal scale ; thus it 
is poorly developed in Insectivora, and shows an increasing .degree 
of development in Eodentia, Ungulata and Carnivora. The maximum 
thickness is reached in man. Embryologically, this is the latest 
layer to develop, reaching its zenith after birth. The cells of 
this layer are believed to be association units subserving the 
higher mental processes. It is greatly developed in the ’ frontal 
and parietal regions where the highest associations are believed 
to occur. 

4. The internal granular or star-pyramidal layer . — This is like 
the external granular layer but is richer in fibres. This layer is a 
distinguisliing mark of sensory areas, and is practically absent in 
the pre-Kolandic or motor convolutions. It is well marked in the 
part of the occipital cortex, concerned with sight. 

5. The ganglionic or large pyramidal layer . — In certain regions 
of the cortex this contains the giant pyramids or Betz cells, which 
are characteristic of the motor areas. Beneath is a dense network 
of fibres. In the visual cortex there are a few giant stellate 
cells here. 

6. The inmost or fusiform layer . — ^Here are many smaU scattered 
cells, many of a fusiform shape, with axons running vertically 
towards the surface. In the island of Eeil this layer is hyper- 
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trophied, and is separated from the rest of the grey matter by 
a stratum of white fibres; it is known then as the claustrum. 
It is the first layer to appear and is almost fully developed at 
birth. 

' If, instead of the cells, the fibres are stained, e.g. by Weigert's 
method, certain lines appear as indicated in fig. 209. Sometimes 



Fig 209. — Diagram of the layers of the human cerebral cortex. On the left, I — VI are the cell- 
layers ; on the right, 1—6, are the fibre layers as they appear in specimens stained by means of 
tlie Weigert-Pal method. Layers 4 and 5 (b) arc respectively the external and intennal lines of 
Baillarger. (Economo.) 


as in the occipital cortex a white line may be seen with the naked 
eye (Gennari), like a white thread in the grey matter. 

Detailed examination shows that the line may be dmded 
into light and dark bands (Baillarger) which vary very much in 
different parts of the cortex. In such sections groups of vertical 
fibres running out to the second layer are also seen. 
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The functions of the cell layers. — It is important to note 
that the cells of^ the cortex are arranged in vertical chains and 
that each layer is attached to those without and within it. It 
seems most probable that eventually various patterns , of cell and 
fibre ^ network will eventually he made out and related to the 
activity of each part. Also it has been seen that certain layers 
are specially developed in certain regions: This and their order 
of development in certain animals and in mental defectives has 
led to conclusions regarding the function of the layers. 

The inner layer may he regarded as the fundamental cell layer, the 
others being formed from it from within outwards, in both embryonic 
and liistorical development. 

The inner cell layers are probably concerned with the performance 
of organic and instinctive activities, and there is but little difference 
seen here between man, monkey, and dog. The middle pyramidal 
layers are considered to be concerned with the reception and trans- 
formation of afferent impulses. The outer layers, on the other 
hand, are concerned with the intellectual or associational functions. 
Defect of development of the outer layers leads to various forms 
of amentia (inborn lack of mental development, or idiocy); in 
dementia (degenerative mental change coming on later in life) there 
are retrograde changes in the upper layers of cells. 

In the hippocampal region the cortex is simpler in structure 
than elsewhere. It consists essentially of three layers only: — 
(1) Molecular layer; (2) external pyramidal layer; (3) inmost or 
fusiform layer. Of these 1 and 2 are unusually thick. This part of 
the cortex is concerned with the sense of smell, which is a primitive 
sense, and is therefore subserved by a primitive type of cortex 
representing the archipallium or primitive brain. 

ESmbryology of th.e Cerebrum in relation to Function. 

Flechsig’s embryological method has given us valuable knowledge of the 
structure and functions of the human brain. The method depends on the fact that 
various tracts of fibres become myelinated, i.e., acquire their medullary sheath at 
successive periods of time in development. The myelin sheath appears three or four 
months after the axis cylinder is formed. The Weigert method of staining renders 
the detection of a medullary sheath an easy task. Flechsig’s method is in short the 
complement of the Wallerian method. In the former method the tracts are isolated 
by differences in the time of development of the myelin sheath ; ■ in the latter method, 
the same object is obtained by observing the degeneration which is most noticeable 
in the same sheath. 

In the central nervous system the afferent projection fibres are myelinated first ; 
the efferent projection fibres and the association fibres are myelinated later. Thus 
in the human foetus the peripheral nerves and nerve-roots become myelinated in the 
fifth month of intra-uterine life ; of the tracts in the cord, those of Burdach and GoU 
[exogenous fibres springing from the cells of the spinal ganglia) are the first to be 
myelinated ; next come the tracts of Flechsig (dorsal cerebellar) and of Gowers 
(ventral cerebellar) ; these are endogenous fibres springing from cells within the cord. 
All these tracts are afferent. The pyramidal tracts, the great efferent or motor 
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channels, are not myelinated until after birth. The whole afferent tract is myelinated 
at birth; these fibres are in utero exercised in conveying impressions to the 
afferent reception centres, the stimuli arising from contact of the foetal integiunents 
with the maternal tissues. There is also early myelination round the calcarine 
fissure in the visual sphere, and in connection with the areas related to other special 
senses ; this is shown in fig. 210. 

Ambronn and Held confirmed Flechsig in finding that the afferent fibres are 
myelinated before the efferent, in the central nervous system, but in the 
nerve-roots this is reversed, the anterior root-fibres being myelinated before the 
posterior. 

Held also demonstrated the important influence of stimulus on myelination. 
His experiments were made on cats, dogs, and rabbits, which are bom bUnd. If 
light is admitted to one eye by opening the lid, more obvious myelination is subse- 
quently foimd in the corresponding optic nerve than in that or the opposite side. 


c.F. 



Fro. 210 Diagram of vertical section of the brain of a child 5 months of age. The greater part of the 

white matter now shows myelination', thus indicating development of the association centres. 
(After Flechsig; Weigert method of staining.) 


This is not due to the irritation caused by forcibly opening the lid, for if the lid is 
opened and the animal kept in the dark, no difference in the myelination of the two 
optic nerves is observable. Flechsig also showed that a child bom at eight months 
had more marked myelination of its optic nerves, a month later, than a child bom 
in the usual way at the ninth month. 

The richness of the brain in myelinated fibres increases for many years after 
birth with the progress of intellectual developmenL Kaes states this continues 
up to forty years of age, and that in old age the number diminishes. Myelin 
appears to be necessary for the functional activity of nerve tracts, and its 
development progresses ‘pari passu with development of function; the reverse 
change (atrophy and degeneration) correspondingly accompanies marked disturb- 
ances of function. 


Fleclisig’s Myelogenetic Cortical Fields. 

In the cerebral convolutions the fibres become myelinated in a strictly 
regular sequence; some convolutions have their fibres meduUated three months 
before birth, while in others complete myelination has not occurred six months later. 
Fibres of equally great importance become meduUated at the same time ; those of 
primary importance first, and so on. In this way, cortical fields can be mapped 
out, thirty-six in nmnber. Flechsig divided them chronologicaUy into three groups, 
primary, intermediate, and terminal. The primary fields, the seats of sensory 
representation, are most darkly shaded in figs. 211 and 212. These are also 
connected with outgoing tracts. The terminal areas (unshaded) are not 
myelinated until at leasta month after birth. These and the majority of 
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the brain is the organ (or anatomical correlate) of mind is to-day 
a matter of such common knowledge that it is almost superfluous 
to mention it in a physiological text-book. Yet its functions were 
entirely unknown or only dimly conjectured by ancient philosophers, 
and the overwhelming importance of the grey matter on its surface 
in mental phenomena is a discovery of comparatively recent date. 

The functions of any organ may be discovered by a variety of 
procedures, each of which has been applied to the cerebrum as a 
whole and to its parts. 

(1) The relative development of the organ according to position 
in tlae animal scale (p. 625), 

(2) The histological structure. A study of the ceU layers 
suggests the relative importance of the various parts of, the braia. 
These have already been discussed (p. 617). 

(3) Extirpation or removal of the whole or part of the organ. 

(4) Stimulation of the cortex in various ways may cause move- - 
ments and stimulation of sense organs and may set up action 
potentials in the cortex. 

(5) Diseases of the organ may be studied. In the case of the 
cerebrum these correspond either to extirpation or to stimulation. 

(6) The establishment of conditioned reflexes (see p. 627) 
prior to localised removal. (Fulton, Hines, Economo ) 

ES'ects of Complete Removal of the Cerebrum. 

The brainless frog which we have studied in relation to the 
functions of the spioal cord is also a useful object-lesson to teach 
us the uses of the part remoA’^ed, by obserA^’ing in what manner 
the animal differs from one which has its brain intact. If, instead 
of taking a frog, we take an animal lower in the scale, where the 
brain is not so fully developed, the effect of remoAong that organ 
Avill be less marked ; whereas if we remove the brain in a more 
highly developed animal, the simultaneous remoA’’al of the brain 
functions Avill be naturally more noticeable. We haA’-e already 
seen that the development of the cerebral hemispheres increases in 
importance as we rise in the animal scale. 

If the cerebral hemispheres are removed in a teleostean or bony 
fish (and in such animals there is only a rudimentary eortex), the 
animal is to aU intents and pui-poses unaffected ; it can distinguish 
between a worm and a piece of string, and will rise to red Avafers in 
preference to those of another colour. The operation does not 
damage the primary centres of Adsion (the optic lobes, which corre- 
spond to the corpora quadrigemina of the mammal), and in these 
fishes the eye is the most important sense-organ. 
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A shark, however, subjected to the same operation, is reduced to 
a condition of complete quiescence; this is due to the circumstance 
that in tliis fish the principal sense-organ is that of smell, and sever- 
ance of both olfactory tracts produces the same result as removal 
of the entire cerebrum. In either case the path between the 
olfactory bulbs and the centres that control the cord are interrupted. 

In the frog we find that removal of the hemispheres' only does 
not entirely abolish its apparent spontaneity; it still continues to 
feed itself, for instance, by catching passing insects. It is not until 
the thalami are removed also that it becomes a purely reflex animal. 
If the brain and the anterior end of the bulb are removed the lower 




Fig. 213 Pigeon after romoral of the hemispheres. (Dalton.) 


centres of the cord are set free, and the result is incessant movement 
provoked by slight stimuli. ' . 

A bird from which the cerebrmn has been removed remains 
perfectly, motionless, sleepy, and unconscious (see fig. 213) unless 
it is disturbed, l^en disturbed in ' any way it wiU move ; for 
instance, when thrown into the air it will fly. But these movements 
are, as in the frog, purely reflex in character; when the animal is 
made to fly its movements are directed by visual stimuli, the visual 
apparatus being still intact, and it will select a perch to settle on in 
preference to the floor. It will start at a noise ; it will not eat 
voluntarily ; it exhibits no emotions such as fear, sexual feeling, or 
maternal instincts. 

In mammals the operation of extirpation of the brain is attended , 
by such severe hsemorrhage that the^ animals die very rapidly, 
but in some few cases where they have been kept alive, the 
phenomena they exhibit are similar to those shown by a frog or 
pigeon. The difficulty of the operation was overcome in dogs by 
■ Goltz of Strasbourg, who removed the cerebrum piecemeal. One dog 
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treated in this way lived in good health for eighteen months, when it 
■ was killed in order that a thorough examination of the brain might 
be made. It was then found that not only the cortex but the 
main parts of the thalamus and corpus striatum had been removed 
also. Though it could still carry out co-ordinated movements, its 
reactions were entirely reflex, and memory, emotions, and the capacity 
to learn were absent. 

The results of the operation beeome progressively greater as 
we ascend the seale. The higher the animal, the more fatal the 
effects, the more severe the immediate disturbance, the slower the 
return of function, and the greater the perroanent loss. 

This is anatomically explicable when we remember that in the 
lower animals the pyramidal pathway is insignificant, and when 
it is interrupted the disturbance is consequently slight. In animals 
below the mammals it is absent, and going up the mammalian 
scale it becomes more and more important, as the following figures 
show ; — 

In the mouse the pyramidal fibres constitute 1'14 per cent, of those in the cord; ■ 
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We can therefore quite readily understand that^ in the apes and 
in man, a damage to the cortex which causes degeneration of these 
tracts wiU cut off many impulses to the anterior cornual cells, and 
produce a considerable degree of paralysis. 

The Effect of Removal of the Cerebral Cortex. 

This is characterised by a loss of all reactions which the animal 
has learned in its lifetime. There also occurs a remarkable state of 
sham rage (Bard). This is due to a release of hypothalamic acti^dty, 
for removal of the hypothalamus produces a cessation of symptoms,' 
while it is produced by stimulation of the hypothalamic region. 

Decerebrate Rigidity has already been dealt with on p. 599. It 
is not produced by removal of the cerebellum alone but only if part 
of the red nucleus is removed also. 


Localisation of Cerebral Functions. 

The different parts of the brain and of its cortex are related to 
different parts of the body. The right hemisphere, for instance, 
controls the voluntary movements on the left side of the body, 
and receives sensory impulses from the left side, and vice versa. 

In each hemisphere there, are certain areas, termed inotor areas, 
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which are the starting-points of those volitional impulses which 
give rise to movements ; and other areas prirdarily concerned in the 
reception of sensory impulses ; these are termed sensory areas. These 
various areas have been mapped out by means of experiments on 
animals, and by the observation of disease in man. 

It must, however, be understood that the idea of those centres 
is merely a convenient convention. The areas or centres are but 
recognisable points in a very complicated system of reactions. The 
brain really acts as a whole. Let us' take an example, and imagine 
the smeU of an orange; such an abstract idea of an isolated 
sensation is impossible; we cannot think of the smell of the 
orange apart from the other characteristics of the fruit, the smell 
recalls the taste, the shape, the colour, the act of peeling it, fingering 
it, cutting it, eating it, and so forth. One sensation due to the 
activity of one area, such as the olfactory area, calls into .play 
the activity of other sensory areas, and of the motor areas, and of the 
links between the sensory and motor areas. The brain is acting as 
a whole because its various parts are called into play simul- 
taneously, though the whole brain is not concerned in each of the 
component sensations and volitions associated with any particular 
mental state. 

Moreover, the doctrine of cerebral localisation is not accurately 
expressed by the statement that a cortical centre is one, the stimula- 
tion of which produces a definite response, and the extirpation of 
wliich abolishes the response. We shall, for instance, see below 
that the stimulation of certain areas in the dog’s brain produces 
certain movements,' but Goltz showed that in his dogs the removal 
of an entire hemisphere did not- cause permanent paralysis of the 
opposite side of the body, nor does it do so in children. 

In the central nervous system there are few or no places 
where only one set of nerve units is situated, with fibres passing 
to or from them. Every locality has several connections with 
other parts, and also fibres passing through it which connect together 
the parts on aU sides of it. Hence in extirpating even a limited 
area, numerous pathways are interrupted, and the damage is con- 
sequently widespread. Much of the disturbance produced at first 
gradually passes away, and the temporary effects must be distinguished 
from those which are permanent j the permanent effects have the 
greater significance of the two. Moreover, it is clear that the relative 
and absolute value of any locality in the central nervous system 
depends largely on the degree to wMch centralisation has progressed, 
and on the amount of connection between the various areas. The 
closer the connection, the more numerous and intricate the path- 
ways, the greater will be the permanent effects of an extirpation, 
and the recovery of function the more remote. The lower the 
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animal in the zoological series, or the less the age of the animal, the 
more imperfectly developed wiU be the connecting strands, and so 
the possibility of other parts taking up to some extent the functions 
of those that are removed will he increased. 

Modern researches have .brought out the overwhelming import- 
ance of the cortex; it contains the highest cerebral centres. 

The Motor Area. — The first work was carried out by Fritsch 
and Hitzig on dogs. They found that the motor area was situated 
in the neighboui’hood of the crucial sulcus, which probably corresponds 
to the fissure of Eolando in man." 

The most important experiments on this subject were those of 
Sherrington and Leyton, who made a number of experiments on 
monkeys, and the human brain so far as it has been examined has 
given similar results. 

The elucidation of this area has been most successfully carried 
out by stimulation by the method of Sherrington. The brain 
in an ansesthetised animal is exposed and stimulated with a weak 
faradic current, one electrode being placed on the brain, and the 
other attached to an indifferent part of the animal’s body. This 
aEows of finer localisation than is possible with the ordinary double- 
point electrodes. 

By such means it has been found that stimulation of the part 
of the ascending frontal convolution, which lies immediately in 
front of the fissure of Eolando (central sulcus), causes movement of 
the opposite side of the body. Small groups of muscles may be 
caused to contract and from no other region can such movements be 
so easily elicited . 

This motor area (area 4) has now been shown to be much narrower 
than originally described as it extends into the fissure. Older 
descriptions included the premotor area 6a (see fig. 214). 

The proof that the properties of the motor area depend on its 
pyramidal cells is based on three pieces of evidence. Stimulation 
of the area is ineffective before the cells have developed in infant 
' Maeacus monkeys, after it has been coagulated ^by heat (Barenne) 
or after section of the pyramidal tracts (Marshall and Towers.) 
As we shall see later, these pyramidal tracts are the main 
pathways by which the impulses responsible for voluntary hiove- 
ment travel. 

It cannot faff to strike even a superficial observer how large 
the cortical area is which deals with movements of the head and arm 
regions when compared with that of the lower hmb, and still more 
■with that of the trunk. The trunlc itself has a larger mass of 
muscular tissue, but it is in the head region (which includes the 
complex movements of the tongue and such structiu'es as the vocal 
cords) and in the arm and hand that the movements are most varied 
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and most delicate. No doubt this is the explanation of the greater 
size of their cortical representation. ' 

The excitability of this region depends on the integrity of the 
underlying pyramidal cells and disappears if they are destroyed. 
Cyclic spontaireous fluctuations of excitability occur and are reduced 
after stimulation. It is extremely sensitive to acid-base chano-es. 
Increased acidity causes the excitability and alkalinity the cyclic 
changes to disappear. 



Fig. 214. — Brain of man. Left liemisphere viewed from side and above so as to obtain the con- 
figuration of the Rolandic area. The figure involves some foreshortening about both ends of 
the sulcus centralis or fissure of Kolando. The extent of the so-called motor area on the free 
surface of the hemisphere is indicated by black stippling which extends back to the central sulcus. 
Much of the “motor” area is hidden in sulci: for instance, it extends into the central sulcus. 
(After Brodmann and Vogt.) 


Premotor Area. — Close to the motor area proper are less 
excitable areas, stimulation of which gives less discrete movements 
(areas 3 and 6), but these movements are abolished by removal of 
the motor area. This area is less excitable, requiring a rate of 
4 per second compared with 7 to 20 for area 4. The area has no 
Betz cells (Fulton). 

There is great variability in the excitability of this part of the 
cortex from time to time and the muscles which contract may be 
varied by stimulation of the sensory part of the cortex, and it has 
been found that as one set of muscles contracts there is reciprocal 
relaxation of another (see Keciprocal Innervation). 
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If the stimulation used is too powerful the movement spreads to 
other parts, and a considerable portion of the body may he thrown 
into convulsive movements similar to those seen in epilepsy. 

Other Motor Areas. — In addition to the movement of limbs 
and trunk, it is possible from the regions indicated in fig. 214, to 
obtain conjugate movements of the eyes with constriction of the 
pupil, movements of the larynx and of the muscles 'of respiration. 
A motor area for the eyes is also present in the inner aspect of 
the occipital lobes. 

Extirpation or removal of the motor area produces paralysis of 
the same groups of muscles as are thrown into action by stimulation. 
It also leads to degeneration of the whole pyramidal tract which 
arises from this region. 

In monkeys there is some recovery especially of proximal joint 
movement, but the finer patterns of response are not regained. 
A similar recovery may occur in man, but practically none in the 
hand. Almost complete recovery has been described after complete 
loss of the motor area in children. 

The reflexes are depressed hut later become exaggerated. A 
flaccidity of muscles generally persists. In this latter point ablation 
differs from pyramidal tract lesions, in which characteristic rigidities 
appear. Extirpation of the frontal lobe does not, however, affect the 
conjugate movements of the eyes in man. 

Eemoval of the motor cortex causes no sensory loss but there 
may be vasomotor changes and shivering. 

The study of injury or disease indicates that the effect of either 
removal or stimulation may be produced. An example of the former 
is seen in the effect of a haemorrhage on the surface of the brain 
such as occurs sometimes at birth. It results in a degeneration of 
that part of the pyramidal tract which is composed of fibres from the 
portion of the cortex injured, and a corresponding region, commonly 
a limb on the opposite side of the body, is paralysed (see also 
Voluntary Movement). 

On the other hand, a tumour or a spicule of bone after an 
injury may irritate the motor area and set up movements of one 
particular part of the body {Jacksonian epilejjsy), which may spread 
and cause general convulsive seizm-es. The cause of irritation is 
often removed surgically, and if the surgeon is in doubt as to the 
exact region irritated, he may stimulate the suspected part to find 
if it produces the same movements. Ho more striking proof of the 
value of purely scientific animal' experiment exists than the cure 
in an individual of Jacksonian epilepsy, and such brain surgery 
emphasises the necessity for knowing the siu'face marking of the 
various areas. - 

Some, parts which normally move together are innervated from 
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both sides of the brain, e.g. the upper part of the face, and are 
not entirely paralysed by unilateral lesions. 

Rctnoval of the premotor area (6a) leads to characteristic disturb- 
ance of posture including an exaggeration of the grasp reflex of 
the fore-limb. There is only a disturbance of skilled movements. 
The spasticity affects particularly the antigravity . muscles due to 
release of the extrapyramidal system (Fulton). It is beheved that 
from this region the extrapyramidal system begins and that impulses 
pass from it to the basal ganglia (Fulton). 

The Motor Areas and the Autonomic System. — large 
number of ehanges such as vasoconstriction, vasodilatation, cardiac 
acceleration and slowing, and gastro-intestinal changes can be 
produced by stimulation of areas 4 and 6 (Fulton). 

The Sensory Areas. 

The Sensory Areas. — The methods used in the study of the 
sensory cortex have necessarily been less direct than in the case 
of the motor cortex but in general have been similar. In many 
cases careful anatomical dissection has pointed the way. The study 
of this subject was initiated by Ferrier at King’s College, London. 

Stimulation. — In animals, it is diflBcult to say when a sensation 
is experienced, but this may be assumed from the indirect evidence 
in the form of reflex movements which usually accompany sensation ; 
thus on stimulating the auditory area there is a pricking up of the 
ears ; on stimulating the visual area there is a turning of the head 
and eyes in the direction of the supposed visual impulse. ■ That such 
movements are reflex and not direct is shown by the long period of 
delay intervening between the stimulation and the movement. Some 
experiments have, however, been made on man (see below). 

Barenne has foimd that chemical stimulation of a sensory area 
by stryclmine may cause symptoms of local pain, e.g. a limp on the 
part of the animal or hypersesthesia of the part concerned. 

Extirpation of a sensory area leads to loss of the sensation 
subserved. Since a study of sensation in animals is so difficult 
the majority of the observations have to be made on man 
after injury or disease. In Jacksonian epilepsy, due to localised 
irritation of the cortex, e.g. by a spicule of bone after a cranial 
injury, the convulsions may be preceded by a sensory aura, or 
indefinite sensation corresponding to the region irritated. 

Extirpation has also been used in combination with conditioned 
reflexes on trained animals. The animals lose those responses wliich 
denend on the areas removed. 

"The action potentials of the various regions of the cortex 
in response to peripheral stimulation have also been used to trace 
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pathways and have shown that animals vary very much in the 
amount of sensory representation which a part of the body, such as 
the foot or snout, may have on the cortex. (Adrian.) 

The Parietal Area. — Stimulation of the post-central gyrus 
immediately behind the fissure of Eolando (central sulcus) produces 
no direct movements ; and extirpation leads to no motor paralysis, 
and no degeneration of the pyramidal tracts. Histological examina- 
tion of the parietal grey matter shows it, moreover, to possess the 
structure of a sensory rather than of a motor area. 

Anatomical studies had shown that there existed a fan-like 
projection system of fibres between the thalamus and the parietal 
cortex and each of the methods referred to have indicated that sensory 
impulses are transmitted to the post-central gyrus and to the 
posterior lip of the precentral gyrus. Moreover, it has been found 
that the sensory area for the arm is in the same level as the corre- 
sponding motor area (Penfield and Boldrey). 

Experiments of strychninisation of the cortex, of ablation in 
trained animals, and a study of the electrical responses to peripheral 
stimulation have been confirmed by direct experiments on man. 
Patients whose cortices have been exposed for other reasons have 
permitted electrical stimulation of the region. The sensations 
experienced have not usually been very definite, e.g. those of 
constriction, numbness and tingling .(Cushing). Pain is imusual 
but has been described as arising from areas 5 and 7 by Foerster. 
The sensations are referred to definite peripheral parts such as 
the arm or leg. 

The experiments of Dusser de Barenne at Yale indicate, however, 
that the sensory representative in the cortex is not like the motor 
area confined to a narrow strip, but that from the face, arm, and 
leg extends backwards across the whole parietal region. It has 
not, however, been found that strychninisation produces any 
hypergesthesia of the body. 

Loss of the parietal region in man and monkeys leads to results 
which the foregoing would suggest. There is a loss of the power to 
differentiate between weights and shapes. Some late improvement 
occurs but more in the trained chimpanzee than in man (Euch, 
Fulton and German). Sometimes a patient loses his sense of 
awareness of the existence of a part of the body (apart from sight). 
This leads to a virtual paralysis, for the subject cannot use the limb 
properly, as when the posterior roots are cut in an animal the _ 
limb is not used. 

Commonly, there are marked psycliical changes and disturbances 
of speech (see Speech). 

The parietal lobe generally is the part of the brain which 
shows the highest development histologically. Just posterior to the 
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sensory region is a large association area wherein we believe ideas 
regarding multiple sensations are associated. If this region is 
destroyed the patient loses the power of recognising objects by 
touch (astereognosis). 

Tlie Visual Area 18 . — The lower the aniihal in the series, the 
more readily can its actions be controlled by sensory impulses wliich 
have not passed through the cerebral cortex. A decerebrated bony 
fish can distinguish colours, a frog can catch flies, even a pigeon will 
select its perch, thougli it takes no notice of food or of people who try 
to frighten it. A dog similarly operated on is practically blind, 
though it will blink at a bright flash of light. In the lower 
animals the impulses pass in to the primary visual centre in the 
optic lobes which acts as the centre for the reflex ; as we ascend the 
animal scale, the path via the cortex becomes more permeable, of 
greater value, or even indispensable, and the reflexes through the 
lower centres are of less importance ; not only so, but there are sub- 
dmsions of the visual cortical area, which correspond to different 
regions of the retin£e. 

We may in fact speak of the visuo-sensory field in the cortex as 
the cortical retina upon which the impulses from the actual retina 
in the eye are projected, in a manner analogous to the way in which 
the field of vision is projected upon the actual retina. 

In the fishes which have no cerebral cortex, the optic lobes, 
analogous to the C. quadrigemina, are the centres for vision. In 
.some fishes, a small number of the fibres of the optic nerves pass into 
the geniculate body, which forms a cell-station on the road to the 
posterior region of the cerebrum, where a primitive cortex begins to 
appear. On ascending the animal scale, this group of fibres becomes 
more and more abundant, and this part of the cortex becomes 
more elaborate in structure. When we reach the monkeys, this 
part of the brain is cut off from the rest by the parieto-occipital 
fissure to form a distinct occipital lobe. This fissm’e is called the 
ape’s split. In the lower monkeys this lobe is quite smooth, 
but as the great parietal association centres get. larger with 
increase of intelligence, the visuo-sensory area is pushed back, and 
the lobe thrown into folds. In the liighest apes, and in the lower 
races of mankind, a good deal of the visuo-sensory sphere is, still 
seen on Ahe 'external cerebral surface; but in the higher races, 
most is pushed round on to the mesial surface. 

' Some animals have panoramic and others stereoscopic vision.* 
The former (mainly vegetable feeders) have eyes set laterally ; each 
eye receives a different picture, and the decussation of the optic 
nerves is complete ; each eye sends impulses to the opposite hemi- 

* According to Elliot Smith the development of stereoscopic vision has been 
an important cause of the advancement of the higher mammals. 
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sphere. Animals with stereoscopic vision have the eyes, as in man, 
in front, and the optic axes can be converged so that an object is 
focused with both eyes. This becomes necessary in carnivora, which 
have to catch moving prey ; the more complex the movements of the 
fore-limbs, the greater becomes the necessity for fixation of the eyes 
to guide them. In such animals each visual area corresponds to 
the same half of both retin®, that is, to the opposite half of the 
visual field ; the lower half of each area corresponds to the upper 
half of each half field of vision, and vice versa. The appearance of 
the macula lutea in the primates is the culminating point in visual 
development among the mammals (Holmes and Lister). Macular 
representation is, however, bilateral and at the tip of the occipital 
lobe. 

A man or animal which loses both eyes is blind, but in 
time manages to find its way about. This is not the case 
when blindness is produced by removal or disease of both occipital 
lobes ; here, the sense of ' orientation . is lost also, for the 
association of sensory memories and motor impulses is then 
impossible. 

Eemoval of one occipital lobe will be followed by different 
results in the two classes of animals just referred to. In those 
with panoramic vision, the result will be blindness of the opposite 
eye, because the decussation of the optic nerve is complete at the- 
chiasma. But in animals such as monkeys with stereoscopic vision 
(in which the only 'decussating fibres are those which come from the 
inner halves of the two retin®) removal of one occipital lobe, or 
disease of that lobe in man, produces blindness of the same side of 
each retina, or inability to see the opposite half of the visual field. 
This is called hemianopsia; the head and eyes are turned to one 
side, namely, the side of injmy {conjugate deviation to the side of the 
injury). Such an operation does not destroy vision in the central 
portion {macula lutea) of either retina, because each macula sends 
impulses to both sides of the brain. Stimulation of one visual area 
leads to a subjective sensation apparently coming from the same 
halves of both retin®, and also excites the solitary cells of Meynert ; 
this produces conjugate deviation of head and eyes towards the 
opposite side to that stimulated. 

These solitary cells are so called because they are few and far 
between ; they are large cells not at all unlike the Betz cells of the 
motor cortex. Their axons, no doubt, pass in long association tracts 
to the motor eye centre of the frontal region and to the corpora 
quadrigemina. 

The optic radiations consist of (1) sensory fibres from the optic 
tracts via the external geniculate bodies and in the lower animals 
via the pulvinar of the thalamus ; (2) efferent fibres to the centres 
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for eye-movements; and (3) association fibres, which are last 
developed. The last-named link one convolution to others, and the 
two hemispheres together, and bring about association of ideas of 
vision in both hemispheres, and with other sensations. A large 
collection of such fibres runs horizontally through the grey matter. 
Tills white stripe is often visible to the naked eye ; • it is the 
anatomical mark of the visuo-sensory cortex, and is called the line of 
Gennari. The visuo-psychic region which adjoins the visuo-sensory 
area has no line of Gennari, but possesses many small and medium- 
sized pyramidal cells in its outer layers, which play the part of 
association units, where memory pictures are stored and visual 
sensations correlated with those from other sense-organs ; the 
higher one ascends the animal scale, the greater becomes , the depth 
of this layer. (See also Vision.) 

The Auditory Area 22. — It has now been shown that the upper 
temporal convolution is concerned with the perception of hearing 
though it is by no means easy to ascertain whether or not an animal 
is deaf, but Pavlov’s method of producing conditioned refiexes has 
now furnished a test. It is doubtless surrounded, as are the visuo- 
sensory area and other sense areas, by a psychic or association 
sphere, and is connected to surrounding parts, and especially to 
the visual area, by annectent gyri. Much of the auditory area is 
situated in the depth of the posterior limb of the Sylvian fissure 
where the gyri transversales which cross it are found. Destruction 
of both temporal lobes does not cause complete deafness but the 
disturbance of hearing is considerable and affects both acuity and 
auditory localisation. Abnormal sounds may be heard, e.g. buzzing. 

In lesions of the left side in right-handed persons there are 
commonly disturbances also of speech, especially of the appreciation 
of speech, such as recognition of the names of objects. 'Sometimes 
auditory manifestation may usher in an epileptic fit or a “dreamy 
state” (Hughlings Jackson). In abscess of the temporal lobe there 
may be loss of vision from injury to the optic radiation. Stimulation 
of the auditory area in conscious subjects arouses sensations of 
buzzing, roaring and giddiness. (See also Hearing.) 

Taste and Smell are closely connected ; their cerebral area is the 
uncinate and hippocampal gyrus, and the tip of the temporal lobe. 
These parts are relatively more important in animals which' rely upon 
smell and the oral sense for their guidance. Tins part of the cortex 
is of simpler structure than the rest, and on account of its early 
appearance in the animal scale is known as the archipallium or 
primitive brain. 

The Silent Areas. — On referrmg once more to the maps of 
the brain,- it • will be seen that there are many blanks ; _ one of 
these is in the anterior part of the frontal region. Extirpation 
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or stimulation of this part of the brain in animals produces but 
little result. The large size of this portion of the brain is very 
distmctive of the human brain, and it has .therefore been supposed 
that here is the seat of the higher intellectual faculties. Such a 
question is obviously very difficult to answer by experiments 
on animals. A study of the symptoms of tumour of the frontal 
lohe indicates that this part of the brain plays a considerable part 
in the intellectual functions. There are commonly described, as a 
result of such tumours, loss of mental acuity, stupid mistakes, loss 
of memory and of the power to supervise; frequently, however, 
the patient is certified insane, before the tumour is diagnosed. 
The celebrated American crowbar accident is frequently quoted in 
this relation; owing to the premature explosion of a charge of 
dynamite in one of the American mines a crowbar was sent 
through the frontal 'region of the foreman’s head, removing 
the anterior part of his brain. Although fit physically when he 
returned to work, he was practically useless mentally, ha^^ng lost 
just those higher functions which are so important in the super- 
intendence of other people. It has been found also in monkeys 
that although removal of this part of the brain did not interfere 
with the recently acquired responses to simple stunuh it did 
interfere with responses which required any material memory on 
the part of the animal. Fulton describes the occurrence of a “ rather 
fatuous equanimity of spirit ” which one encounters in a good-natured 
drunkard but never in a normal chimpanzee. These changes, 
however, occur in monkeys only after bilateral extirpation. In man 
the sense of well-being which may result from the removal of a 
tumour of the frontal lobe or of - merely cutting the thalamo-frontal 
fibres is recognised as charaeteristic, and the latter operation is 
practised for the treatment of severe mental depression. There is, 
however, some tendency for the occurrence in adults of a somewhat 
juvenile mentality. Mott’s observations on. lunatics show that this 
region is important for intelleetual operations, though not so important 
as the parietal association area behind the jRolandic area ; the 
greater the intellectual development, the larger and more convoluted 
does this parietal region become. 

The association £bres have been the subject of special study 
by Flechsig, who has shown tliat in the development of the 
brain ^ these are the last to become myelinated ; white fibres 
do not become fully functional until they receive their medullary 
sheath. This coincides with the well-known fact that association 
of ideas is the last phase in the psychical development of • the 
child. It has- been shown that the frontal convolutions are 
connected by important association tracts with the more posterior 
regions of the brain (see fig. 207, p. 624), and there is therefore 
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no difficulty in understanding that the frontal , convolutions play 
the x^art of a centre for the association of ideas or, in other words, 
for intellectual operations. 

There is some evidence that in right-handed persons the left 
frontal lobe is more essential for consciousness than the right, since 
ligature of the arterial supply of the latter has a much~greater 
effect on apparent consciousness 'than ligature of the right side. 
(Fulton, Hines.) 



CHAPTER XLVII 


SESSOKY NERVE-ENDINGS 

Although different types are described, it must be understood that . 
many intermediate forms occur. 

Pacinian Corpuscles. — These are named after their discoverer 
Pacini. They are little oval bodies, situated on some of the cerebro- 
spinal and sympathetic nerves, especially the cutaneous nerves of 

the hands and feet, where they lie deeply 
placed in the true skin. They occur, on the 
nerves of the mesentery of some animals 
such as the cat. They have been observed 
also in the pancreas, lymphatic glands, and 
thyroid glands, as well as in the penis. 
They also are present in the fascia of muscle, 
etc., where they probably originate the 
pains of fibrositis, a common variety of 
“ rheumatism.” They are about inch long. 
Each 'corpuscle is attached by a narrow 
pedicle to the nerve on which it is situated, 
and is formed of several concentric sheaths 
of connective tissue, each layer being lined 
by endothelium (fig. 216); through its 
pedicle one or more nerve - fibres pass ; 
thes*e lose their medullary sheaths and enter 
a central core, at or near the distal end 
of which they terminate in an arborisation. 
Some of the layers are continuous’ with 
of the perineui’ium, but some are 

pnscles attached, about the SUpcr-addcd. 

natural size. (Adapted Crom ^ ^ i 

Henie and KoUiker.) ' End-bulbs are found in the conjimctiva 

(where in man they are spheroidal, but in 
most animals oblong), in the glans penis and clitoris, in the skin 
of the lips, in the epineurium of nerve-trunks, and in tendon ; 
each is about -g-J-g- inch in diameter,' oval or spheroidal, and is 
composed of a meduUated nerve-fibre, which terminates among cells 
of various shapes (fig. 218). 

Touch-corpuscles (Meissner’s corpuscles) (figs. 217, 219) are 
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found in the papillse of the skin of the fingers and toes. They are 
oblong, about inch long, and inch broad ; each iS composed 



Fio.216. — Pacinian corpuscle of the cat’s mesen- 
tery. The stalk consists of a nerve-flhre (N) 
with its thick outer sheath. The peripheral 
capsules of the Pacinian corpuscle are con- 
tinuous with the outer sheath of the stalk. A 
blood-vessel (V) enters tlie Pacinian corpuscle, 
and approaches the end ; it possesses a sheath 
which IS the continuation of the peripheral 
capsules of the Pacinian corpuscle, x 100. 
(Klein and Noble Smith.) 



Fio. 217. — touch-corpuscle from the 
skin of the human hand, stained 
with gold chloride. 



t 

Fio. 218.— End-bulb of Krause, a, Med- 
ullated nerve-fibre ; b, capsule of 
corpuscle. 



c 


Flo. 219. — Papilla from theskin of the hand, freed from the cuticle and exhibiting a Meissner’s corpuscle. 
Papilla treated with acetic acid; o, cortical layer with cells and fine elastic filainents; b, 
tactile corpuscle with transverse nuclei; c, entering nerve; d and e, nerve-fibres winding round 
the corpuscle. X 850. (KoUiker.)- 

of cells cut off originally from the lower layer of the epidermis, 
and surrounded by a conneptive-tissue sheath. They do not occur 
in all the ' papillae of the * parts where they are found, and, as a 
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rule, in the papillae in which they are present there are no blood- 
VGSSSls. 

The nerve winds round the corpuscle before it enters (fig. 219), 
then loses its medullary sheath ; its axis-cylinder branches, and the 
branches terminate within the eorpuscle. 

Hairs are important organs of touch, particularly in the whiskers 
of the carnivora. Here a nerve network surrounds the base of the 

hair. . . . 

Merkel “ Cells.” — In some cases the nerve-fibrils within a strati- 
fied epithelium end in crescentic expansions {tactile discs) which are 



Fio. 220. —Tennination of mednUated 
nerve-fibres in tendon near the mus- 
cular insertion. (Golgi.) 



Fio. 221.— One of the reticulated end-plates 
of fig. 220, more highly magnified, a, 
Medullated nen'e-fibre; b, reticulated 
end-plate. (Golgi.) 


appKed to the deeper epithelium cells. These are found in the skin 
of the pig’s snout. 

Free nerve-endings, i.e., nerve fibrils which appear not to be 
attached to any specialised nerve-endings also are found. They 
occur in the skin and are considered to be responsible for pain 
largely because the cornea of the eye, which has free nerve-endings 
only, appears to appreciate little else but jiain. There is evidence, 
however, that pain may be eau'Sed by the stimulation of other nerve- 
endings also. 

In addition to the special end-organs, sensory fibres may 
terminate in plexuses of fibrils, as in the sub-epithelial and the 
intra-epithelial plexus of the cornea, and around the hair follicles 
in the skin generally. 

Woollardhas described unmyelinated nerve plexuses as occurring 
in the skin and many organs. They are probably concerned with 
diffuse pain. 

Sensory Nerve-endings in Muscle and Tendon. — The sensory 
nerve-endings in muscle are not onlj' concerned with conscious 
sensation but also with the reflex maintenance of posture and 
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equilibrium. Tlie-original desbription by Euffini (1898) remains the 
best available. This function was first appreciated by Sherrino-ton 
and worked out in detail by Matthews (1933). 



They have now been differentiated into four distinct groups : — 

1. The “flower-spray ’’"endings on the muscle-spindles. These 
look very much like end-plates, as pictured in figs. 220 and 221. 
They are length-recorders, that is, they register passive stretch but 
cease to record during active contraction. 

2. The annulo-spiral fibres also on the niu'scle-spindles. This 
nerve-ending appears to be looped round a much nucleated intra- 
fusal fibre. They are also length-recorders, but have a higher 
threshold and therefore give off impulses only on very severe tetanus 
— or very severe stretch. 

3. The tendon organs of Golgi. These record absolute stretch, 
produced actively or passively, not rate of stretch (fig. 220). 

4. The nerve-endings in the fascia, etc. These are commonly' 
Pacinian corpuscles which are also sometimes imbedded in the 
fleshy tissue of the muscle. A simpler and less frequent t}q)e is the 
Golgi-Mazzoni corpuscles, which are encapsulated but simpler than .. 
end bulbs which occur in tendons and also in the -sheaths of tendons 
and muscle. These nerve-endings almost certainly respond to 
mechanical and pressure stimuli. 

5. Free nerve-endings are also foimd in the connective tissue, of 
muscle. 

These endings are differentiated from muscle plates by 'the fact 
that they degenerate when the posterior roots are'cut (Sherrington). 


The Special Senses. 

It must be realised that the eye and the ear, etc., are essentially 
higlily specialised nerve-endings which, like those of the skin, are 
developed from the ectoderm or outer layer of the embryo. The 
details of their structure are considered^later. 
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Cutaneous Sensations. 

The surface of the skin is a mosaic of tiny sensorial areas ; these 
areas are not set edge to edge as in the retina, but are separated 
by relatively wide intervals which are not sensitive to stimi^ just 
above liminal intensity. If the stimuli are made nearly minimal, 
the individual fields are reduced to small spots. Each of these spots 
subserves a specific sense, touch, cold, heat or pain, and each 
doubtless coincides with the site of some special end-organ, placed 
either singly or in clusters. The “touch spots,” “cold spots,” 
“heat spots,” and “pain spots” are mtercommingled. In some 
districts one variety predominates, in others another. “ Pain spots ” 
are the most and “heat spots” the least numerous. It is a 
matter of common experience that the sensitiveness of these varieties 
of cutaneous sensation differs in different parts of the body. The 
tip of the finger, which is very sensitive to the ' true tactile 
sense (sense of pressure or contact), is hot nearly so sensitive to 
alterations of temperature as the forearm or cheek, to which a 
washerwoman generally holds her iron when forming a judgment 
of its temperature. Some parts are more sensitive to pain than 
others, and in the cornea we have a surface in which “ pain spots ” 
alone are present. 

For the more accurate exploration of the skin, cesthesiometers of 
various kinds have been invented.. The sense of pressure may be 
estimated by the ability of the skin to distinguish different weights 
placed upon it ; there must be no lifting of the weight, or the ■ 
motorial sense is brought into play. The fraction which by Weber’s 
law represents the differential threshold (see p. 652) varies from 
^ to more than ^ 5 - in different parts of the body. It does not, 
however, follow that the acuteness of the pressure sense varies 
exactly as the ability of accurately localising sensations' ; for instance, 
the slan of the forearm is as sensitive to pressure changes as that 
of the palm ; and the tip of the tongue, which is the most discrimi- 
native region of the body for locality, is not so for pressure. For 
pressure stimuli which are near the limen or threshold of sensa- 
tion, the hair assthesiometer is much used; this is a hair suitably 
mounted in a holder; the hair can then be shifted backwards or 
forwards in the holder, and the amount of pressure it exercises can 
thus be varied. It is used for the exploration of “ touch spots,” and 
these are found most numerously around the hair follicles. The 
touch spots are more numerous in some parts than in others, but 
fifteen for each square centimetre of skin is a rough average. To 
explore “ pain spots ” a stout hair or needle is used ; in the latter 
case the needle shifts up and down in the holder, and works 
against a spring which registers the amount of pressure exerted to 
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evoke a painful sensation. The sensation evoked by a “ pain spot” 
is unaccompanied by “cold” or “heat,” even if a cold or hot 
needle is used. Por the exploration of “heat spots”, a small, hollow, 
metallic pencil -is kept warm by a stream of warm water; this is 
moved over the surface ; at the site of the “ heat spots ” the pencil 
will feel peculiarly warmer. “ Cold spots ” can be similarly mapped 
out by the use of a cold pencil. The next figure (fig. 223) 
shows the distribution of hot and cold spots on the back of the 
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Fio. 223 Heat and cold spots on a sq. cm. of the back of the hand. 

(Somewhat enlarged. After Donaldson.) 

The black dots represent cold spots, their size indicating the strength of the reaction; the circles 

represent hot spots. 


left hand. Certain drugs if applied locally, e.g. menthol, stimulate 
the cold sp 9 ts only. 

All these facts clearly indicate that different varieties of sensation 
are the result of the stimulation of different end-organs, and that the 
impulses are conveyed to the central nervous system by different 
groups of nerve-fibres; they moreover form the clearest piece of 
evidence we have that pain is a distinct kind of sensation. 

The question ' is more difficult to answer, which particular end- 
organ is concerned with each variety of sensation ? There is, 
however, little doubt that the nerve-fibrils around the hair follicles 
of the short hairs are the terminations most affected by changes of 
pressure, and also that Meissner’s corpuscles are purely tactual, 
taking the place of hairs in hairless parts. • In the palmar surface 
of the last phalanx of the index finger, there' are '21 Meissner’s 
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corpuscles per square centimetre; in other parts of the palm and 
sole the number varies from 2 to 8. End-bulbs are believed to be 
the organs for cold ; they are most numerous in the conjunctiva and 
glans penis, where “ cold spots ” are almost exclusively present. The 
end-organs in “ heat spots ” have not been identified with certainty, 
but the corpuscles of Euffini are considered to be such, as they 
are correlated with the warm spots. 

As compared with the sensation obtained from pain spots, touch 
is quicker in both development and subsidence. Thus vibrations of 
strings are recognisable as such by the finger, even at a frequency 
of 1500 vibrations per second. A revolving wheel with a toothed edge 
gives a sensation of smoothness when the teeth meet the skin at the 
rate of from 480 to 640 per second. 


The Nervous Connections of the Skin of the Hand. 

In view of the special importance of sensation in the hand and 
fingers, the arrangement of the nerves to these parts has been 
investigated by Stopford, who has concluded as follows : — 

1. Cutaneous sensory end-organs are connected with fibres which 
soon joia the main deep nerves (median and ulnar) or which take 
part in the formation of the so-called purely cutaneous nerves 
(radial, lower external cutaneous branch of the musculo-spiral and 
the musculo-cutaneous). 

2. The nerve-fibres from the subcutaneous sensory terminals are 
less regular and are arranged in groups. 

а. Tactile pressure and pressure pain appear to be subserved 
• by fibres which accompany tendons and possibly blood- 
vessels, but they are also slightly dependent upon fibres 
which join the main deep nerves or others which enter 
into the formation of the purely- cutaneous nerves. 

б. The recognition of posture, passive movement and tactile’ 

localisation are subserved by the digital branches of the 
ulnar and median nerves and fibres which assist in 
the formation of purely cutaneous nerves, particularly 
the radial. 
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» SENSATION 

In discussing the general functions of a nervous system we have 
noted that it is concerned with the collection _ of impulses due to 
stimuli which arise in the environment of the individual and from 
various parts of the body. A certain number of these impulses 
reach consciousness and give rise to sensations. 

All sensations experienced normally depend on the stiPiulation 
by an appropriate stimulus of nerve-endings which are adapted to 
receive certain kinds of stimuli or to appreciate a special quality of 
the environment. These nerve-endings have, for the special stimulus 
for which they are adapted, a lower thi’eshold than have 'the nerve- 
fibres themselves, and make it possible for a nerve impulse to he set 
up by a degree of stimulation which would not otherwise be effective. 
Eor example, a degree of pressure which would not affect the ulnar 
nerve (the “ funny hone ” of the elbow) will cause a sensation of touch 
if applied to the nerve-endings of that nerve in the little finger. 

Nerve-endings have been developed for the appreciation of a 
large variety of stimuli, e.g. light and colour, sound, smell, pressure. 
It is convenient to leave the detailed study of these to later chapters, 
since in some instances, e.g. the ear and the eye, the specialised 
nerve-ending has become much elaborated. 

The stimuli must not only have a special quality but. must be of 
adequate strength. Too light a touch, too faint a sound, will produce 
no effect on consciousness. That strength of stimulus which just 
suffices to evoke a sensation is called the liminal (from limen, a 
threshold) * value of the stimulus, or its absolute threshold. 

Similarly, the difference between two stimuli must not fall below 
a certain minimum in order that that difference may he appreciated. 
If two musical tones are of too nearly identical pitch, if two colours 
are of too nearly identical hue, the difference may he imperceptible. 
There is, therefore, a liminal value for a stimulus difference. This 
is known as the differential threshold of the stimulus. 

* Strictly speaking, the liminal value is that strength of stimulus which, in a 
series of trials, as often just fails as it just succeeds in evoking a sensation. 

661 
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Weber’s law states that the just appreciable difference between 
two stimuli depends on the ratio of that difference to their magni- 
tudes, and not on the absolute difference between their magnitudes. 
Fechner, after bringing forward further evidence in favour of the 
law, endeavoured to deduce from itithe conclusion that the strength 
of a sensation is proportional to the logarithm of its stimulus ; in 
other words, that the stimulus must increase in geometrical pro- 
portion for the sensation to increase in arithmetical proportion. 
Fechner’s interpretation of Weber’s law is, however, open to serious 
criticism, into which we cannot enter here. 

Weber’s law is but an expression of everyday experience. #A 
rushlight will brighten a dark cellar, but its presence is imfelt in 
sunshme. So, too, if a room he lighted by 100 candles, and if one 
candle more be brought in, the increased illumination produced by 
the extra candle would be just perceptible to the eye. But if a 
room were lighted by 1000 candles, no appreciable difference would 
result from the introduction of an extra candle. Ten candles would 
have to be introduced, in' order to effect a just noticeable difference. 
In each case* a difference of one-hundredth of the original strength 
of stimulus is needful to cause a just appreciable difference in the 
sensation ; and this is in accordance with Weber’s law. 

For light, the fraction is about ; for noise, it is about ^ ; for 
cutaneous pressure, it varies between and ; for weight, between 

and ■^, in various parts of the body. 

A sensation requires an appreciable time for its development. 
Part of this time is spent at the end-organ on which the stimulus 
acts, part in convejdng the nervous impulse along the sensory nerve 
to the brain, and part within the brain itself. This latent period 
varies in length according to the sensation ; e.g., it is longer for sight 
than for sound, and longer for pain than for touch. 

The sensation Outlasts its stimulus. Such after-sensations are 
particularly noticeable in the case of sight. We laiow, also, that 
unless the eye is stimulated for a sufficient length of time we do 
not see objects or movements. 

The Impulse. — The evidence appears now to be comiffete that 
the nerve impiilse is identical in nature in all nerves. The impulse 
set up in the optic nerve by light is the same as that set up in the 
auditory nerve by so'und. 

The difference in sensation recognised by the indi\ddual must be 
due to the “ analysers ” in the central nervous system. The impulses 
reaching certain analysers, such as those of sight, are intei'preted as 
light however the impulse is set up. This was termed by Muller 
“ The Law of Specific Nerve Energies.” The term energy is a bad one, 
and is not used in a modem physical sense, but the law simply means 
that every sense-organ, however excited, gives rise to its own specific 
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sensation. .However the retina or optic nerve is stimulated light is 
appreciated. Mechanical, chemical, or electrical stimulation of the 
chorda tympani causes a sensation of taste. These observations have 
been made during surgical operations. 

A great deal of investigation of the action potentials which are 
the basis of the various kinds of sensation have been carried out by 
Adrian, Matthews, Bronk, Eijlant and others, using wireless valve 
amplifiers and oscillometers or cathode-ray oscillographs. In every 
case it is found that the stimulation of a receptor brings about a 
series of discharges which may vary much in their duration and 
in their frequency, from 5 to 300 per second. The more rapid 
the rise of intensity of the stimulus the greater the frequency 
of discharge. Thus the more rapidly the finger is pricked the 





Fig. 224. — Record of current of actions from an afferent fibre from a muscle. At the arrow tension was 
placed on the muscle. Note the burst of impulses with some adaptation— which, however, is never 
complete— as shown by the continuance of the impulses. (Dawson.) 


greater the sensation. The frequency and duration of the responses 
are different from different regions. 

An interesting phenomenon is , that of adaptation, in which ‘ 
it is found that if a stimulus is continued, impulses are no longer 
set up in the nerve. This is well shown in fig. 224. Thus is 
explained why a needle hurts while it is being inserted into the 
skin but not after it is in. This adaptation appears to depend 
on the end-organs concerned. In some, such as those of the . skin, 
or Pacinian corpuscles, adaptation occurs rapidly, while in the 
-nerve-endings of muscle it is very slow, a fact which no doubt 
permits the muscle when subjected to prolonged stretching to send 
out the sustained impulses so important in posture. 

Intermittent stimulation, as might be expected, reduces adapta- 
tion. Por example,' although the response for a single blast of 
air on the skin is over in second, intermittency Jiot exceeding , 
200 per second will maintain a burst of impulses at that rate. This is 
important in relation to the importance of air movement in 
ventilation. 

Adaptation is seen in many of our common sensations. The same 
room feels warm to a man who enters it from the street, and cold to 
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another who has been in a conservatory. The hot bath appears to 
get more rapidly cooler than it actually does, while' if one hand is 
placed in cold water and the other in hot, water at body temperature 
may appear warm to one hand and cool to the other. Herring calls 
the point of adaptation to temperature “the physiological zero.” 
Thus the temperature of the mouth and the lips may actually differ 
by several degrees, yet neither of them will feel hot or cold because 
each is at the physiological zero temperature. Sensations of warmth 
or cold arise when the physiological zero is altered: they persist 
until a new zero is formed ; according to Eivers and Head, adaptation 
to temperature is impossible when epieritic sensibility is absent. 
So, too, heav}' weights feel unduly heavy after light weights, and 
vice versa. When false teeth or spectacles are first worn, their 
contact is well-nigh unbearable; yet later, thi-ough adaptation, the 
discomfort vanishes. 

The unptdse when set up passes into the central nervous system 
by means of afferent nerves. In the case of the cranial nerves, 
some are whoUy sensory. In the case of the trimk and limbs, the 
impulses pass along fibres which become incorporated in mixed 
nerves and pass into the spinal cord by way of the posterior 
roots. Some of the impulses bring about, as we have seen, reflex 
movements, and may never reach consciousness, e.g. the impulse set 
up by slight piuching of the finger during sleep. The majority 
of the’ stimuli, however, during the waking hours and even during 
sleep, are strong, and the impulses which they generate pass up the 
spinal cord to the brain (see Sensory Pathways). 

Impulses from Muscles. — Investigations (Matthews) tend to 
show that there are characteristics of discharge corresponding to 
the four classes of nerve-endings ah’eady described, but we do not 
know with certainty which come from wliich, nor what functions 
each subserves, but we know that, in addition to afferent impulses 
which are appreciated as pain in muscle, there must be those which 
are concerned with the appreciation of length and tension. An 
interesting point is the fact that the impulses from an extensor 
muscle of a decerebrate animal in rigidity cease when the muscle is 
caused to contract more actively. 

A single sense-organ in a muscle has been fmmd to set up 
impulses with a frequency of 30 per second. This has been 
discovered by using the sternocutaneous muscle of the frog, and 
by successively cutting off fibres to leave only one muscle-spindle. 
There is an increase in the frequency of the impulses with the 
logarithm of the load and frequencies from 5 to 500 have been 
recorded. There is, as we have said, little adaptation to stretching. 

Impulses from the Skin. — These are characterised by being of 
very' short duration, about 0'2 see., and the nerve-endings of the 



CH. XLVIIL] ■ IMPULSES CAUSING PAIN ' ' 655 

skin becoming very rapidly adapted, as the adaptation to skin 
sensation suggests.^ Pain from section of the skin is therefore short- 
lived unless the injured part is stimulated further by movement. 

Impulses causing Pain. — Pain is experienced from stimulation 
of any sense to excess, but most commonly when there is actual 
damage to tissue by severing or burning of the skin or from 
excessive tension or oxygen-want of internal tissues. 

There has been considerable debate as to whether or not there 
are special nerve-endings, for in addition to the variety of stimuli 
which may bring about pain, it has been pointed out by Herring 
that it would be rather remarkable if there were special endings 
in internal tubes such as -the ureter, from which there is normally 
no sensation at all. On the other hand, in certain regions of the 
body, c.g. the cornea, where there are no specialised nerve-endings 
but only the terminal ramifications of nerves, pain is felt, while 
it has long been known that there are pain spots in the skin which 
are sensitive only to pain. As we shall see, too, it is \yell established 
that in the cord the fibres carrying pain (like touch and temperature) 
become collected into distinct bundles or tracts. This subject owes 
much of recent years to the work of Adrian in Cambridge. . 

The difference between touch and pain is seen when a needle is 
placed on the paw of an anassthetised animal and forced into the 
skin, the action potential being recorded from the nerve to the part. 
When the paw is touched there is a short burst of impulses, but 
when the paw is pricked there is a much longer burst of impulses. 
Both types of stimulus show adaptation but pain less than touch. 
The frequency of the discharge for pain may vary from 5-100 per 
sec. It is not uniforrqly high as it would be if it were due to 
stimulation of any kind of receptor. 

It seems likely that the extent of the sensation is determined by 
the number of fibres thrown into activity, but the intensity of the 
sensation depends on the frequency of the discharge set up. As we 
shall see later, the interpretation "of the nature and the value of the 
stimulus to the animal depends on the cerebral cortex, but as seen 
in the spinal reflex harmful stimuli are at once acted upon by the 
‘spinal cord. The- evidence would appear to indicate that while there 
are special receptors for pain, the excessive stimulation' of other 
sensory impulses may produce a gross disturbance analysed as pain. 

. This -would obviously have the advantage of protecting the sensory 
endings concerned, as in the case of light, for looking at the sun 
may cause detachment of the retina. Adrian concludes that “it is 
probable that there are no hard-and-fast divisions into pain endings 
and touch endings or free endings and encapsulated endings,” but 
thinks there is no doubt that the pain endings are mainly' free and 
-that few of the encapsulated endings give rise to pain. 
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It would seem, too, that the stimulus for pain must attain a 
certain massiveness before it produces a sensation, whether it is 
stimulating a free nerve-ending or a nerve-ending subserving some 
other sense. 

Pain in muscle is of special interest as it arises in the cardiac 
muscle and the evidence is very complete that it is due to ischaemia 
or lack of blood supply to the muscle. The pain which occurs in 
cramp or muscle spasm is though t_ to be analogous. Pain which 
is produced by cutting off the arterial supply to the arm with a 
sphygmomanometer cuff does not appear to depend on the tension in 
the muscle, for it is not accentuated by contraction although it 


Needle prick 


Polsaifng toothache 


Colic 




i^ngina 





Continuous pain, fluctuating 


Fio. 225. (Lewis.) 


is related to its total amount. It is, however, at once relieved 
by release of the circulation. This has led to the suggestion of 
Lewis that a P (pain) substance is released, and it seems probable 
that the sensation of fatigue in a muscle is produced by a similar 
if not identical substance. The close association between lactic 
acid and fatigue suggests that this may be the substance concerned. ' 

Pain is affected by a variety of circumstances which may alter 
its character. One burst of impulses is appreciated as a single stab 
of pain, such as that of a pin prick. If tension is produced by. 
the accumulation of pus in a confined space, such 'as the socket of 
a tooth or in a finger, the arterial pulse may be communicated to 
the nerve-endings and the pain assumes a throbbing character. If 
the tension is produced by peristaltic waves the pain is intermittent, 
such as that produced by taking a purgative, or by the passage 
of a stone down the bile duct or the ureter. This pain is known 
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as colic and its intermittence. is an important point in diagnosis. 
]\Iucli pain, especially that following injury, is aggravated by 
movement. The pain ^ which results from arterial blockage is 
sustained while neuritic pains from inflammation of nerves tend 
to be iriegular. These various types of pain may be shown 
diagrammatically as in the above figure from Lewis, a research 
physician at University College, London, who has done much to 
elucidate the problems of sensation and circulation in the human 
skin. Adrian (1928 and 1932); Leriche (1938); Lewis (1943). 

Classification of' General Sensation. 

Sensation may be conveniently divided into Special Sensation 
and General Sensation. The former is that which is appreciated 
by highly specialised nerve-endings localised in certain parts of the 
body, c.g. the nose, ear, eye, tongue. The latter is not so confined. 

General sensation is that felt by the body generally ; it may be 
superficial, i.e. that from the skin, and deep, i.e. that from the 
underlj'-ing structures. If the nerves to the skin are cut, deep 
sensation remains. Superficial sensation includes touch, pain, and 
temperature. Deep sensation refers to the appreciation of pressure 
(as distinct from touch), of movement or pain in muscles and joints. 
The fibres subserving this sense run with the muscular nerves, and 
accompany blood-vessels. 

Both superficial and deep sensations have been subdivided further 
according to their fundamental nature. 

Our knowledge of this subject owes much to the pioneer work 
of Head who cut one of the nerves in his own arm, and, in 
conjunction, with Kivers, noted accurately the date and other 
particulars of return of function. The first sensations returned 
about the eightieth day after the operation; they are termed by 
him profopathic. Protopathic sensibility depends on definite specific 
end-organs distributed over the skin as sensory “ spots,'-’ viz., heat, 
cold, and pain spots. I^hen this sensibility is alone' present, the 
spaces between these spots are insensitive to cutaneous ■ stimuli ; 
the heat spots react only to temperatures above 37° _C., the_ cold 
only to temperatures below 26° C. ; the sensation radiates widely, 
and is often wrongly localised. The tactile sensations of the 
skin; the intermediate temperature sensations, the power to localise 
them accurately, the sensibility of the spaces between the spots, 
and a more refined sensibility to pain, return much later, and 
this epicritic sensibility is not perfect until many months after 
regeneration has started. It is not known whether protopathic 
and epicritic impulses are subserved by the same or by different 
nerve-fibres. ' • , 
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Stopford has investigated- deep sensibility and has found 
that, like cutaneous sensibility, it returns in two stages after 
division and suture of a peripheral nerve. A first stage consists 
of the recovery of the ability to appreciate a pressure contact and 
the pain induced by excessive pressure, and a second stage is demon- 
strated by the return of the power to localise accurately a pressure 
stimulus and recognise the position and passive movement of a 
joint. Stopford points out that the elements of sensation included by 
Head under the term protopathic sensibility and those of stage one 
in deep sensibility are fundamentally protective in function and 
make their appeal to the thalamus which we know is capable of 
appreciating crude sensation; whilst those in epicritic sensibility 
and stage two of deep sensibility include the higher and dis- 
criminative aspects of sensation which are dependent upon the 
sensory cortex. In consequence he suggests the following division 
of sensation — 

A protective system, composed of f Concerned with the recognition of : — 
the protective elements of sensation, 1 (a) Pain (whether induced by prick 

in which recovery occurs early and -[ or excessive pressure), 

is more complete, after suture of a I (b) Extremes of temperature, 
peripheral nerve. ^ (c) Tactile pressure. 


A discriminative system, composed 
of the discriminative elements of 
sensation, in which recovery occurs 
at a later time and is less complete. 


( Concerned with the power of ; — 

(a) TacHIe Localisation. 

(b) Tactile Discrimination. 

(c) Recognising position and passive 

movement 

Recognition of fine differences of 
temperature. 

Appreciation of the lightest touch. 


Such a subdivision of sensation is supported by researches in 
comparative anatomy and is in accord with our knowledge of the 
evolution of the nervous system. We have already observed that 
protective reflexes take precedence over those more recently acquired 
and that they do not depend on tlie cortex. (See The Plantar Eeflex.) 

nevertheless, divisions of sensation such as those advanced by 
Head and Stopford have been criticised by a number of observers 
who have made human experiments, such as Trotter and Davies, 
who divided as many as seven of their cutaneous nerves, and 
Boring who severed only a small branch of a nerve. Later, Sharpey- 
Schafer contrasted by experiments on him’self the recovery after 
division and crushing of corresponding peripheral nerves (posterior 
branch of the internal cutaneous nerve of each arm). The nerve 
severely crushed recovered much more rapidly than that cut. He 
also emphasised the occurrence of a stage, hypersesthesia or e.xcessive 
sensibility to pain, which accompanies the feeling of numbness 
and lessened sensibility to touch, warmth, and cold. Similar 
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^ hyper80sthesia lias been noticed by most other observers at the 
edge of any paralysed area. Sharpey-Schafer suggested that the 
term ^‘protopathic” is nothing more or less than pain, and that 
the hypersesthesia is probably caused by the growing parts of 
the nerve-fibres which subserve pain being hypersensitive. These 
correspond to the protective system of Stopford. 

Whilst it is not wise as yet to be dogmatic in regard to the 
division of sensation, it does appear that the evidence from both 
plinical experience and comparative anatomy supports strongly the 
main views of Head and Stopford, and their conclusions do seem to 
explain the facts. 

Stopford has given us a convenient view of sensation" as a whole. 
He points out that at first there is evolved a crude mechanism for 
protection against a harmful environment; later on, better percep- 
tion and powers of discrimination are developed. These functions 
are intimately related to the acquisition of better motor control 
and vision, and, later still, with the expansion of the cerebrum an 
increasing understanding of tactile perception is created. It must 
however be understood that each higher stage overlaps, reacts upon, 
and modifies the lower one. 

Drugs . — Cocaine applied locally depresses all forms of cutaneous sensibility, 
but especially the true tactile sense ; carbolic acid acts similarly but less strongly. 
Chloroform produces a temporary burning sensation, and then blunts sensibility, 
especially to temperature changes. Menthol produces a feeling of local cold because 
it first causes hyperaesthesia of the end-organs for cold ; this is followed by a depres- 
sion of the activity of these organs, together with that of those subserving other 
forms of cutaneous sensation. 


CHAPTEE XLIX 

THE SENSOEY PATHWAYS 

Grouping 'in the Spinal Cord. — ^When the impulses underlying 
sensation reach the spinal cord by way of the posterior roots (see 
p. 662 ), they are sorted out according to their origin and are carried 
up the cord by bundles of fibres, each bundle being responsible for a 
particular sensation. These bundles are known as the sensory tracts. 
With the exception of the posterior columns of Goll and Burdach, 
which we have seen are composed of axons of cells in the posterior 
ganglion, the ascending tracts are the axons of cells in the 
neighbourhood of the posterior horn {substantia gelatinosa of' Eolando 
and in Clarke’s column). 

Muscle atid Joint Sense. — By this sense we become aware of 
movement and of the position of the limbs. The efficiency of this 
sense can be gauged by the power of the individual to place one 
limb in exactly the same position as the other although the eyes 
are closed. Muscle sense depends on the degree of compression of 
the sensory nerve-endings or muscle spindles in the muscles and 
the analogous endings in .tendons. Through this sense not only 
do we become aVare of muscular movement, but also by the help 
of related associations we estimate weight. The appreciation of 
, weight does not depend on impulses of cutaneous origin, since it is 
retained in an individual whose skin has been rendered iosensitive 
by cocaine or by disease. 

We have already remarked in relation to the cerebellum that 
all the impulses which arise in the muscle do not reach consciousness. 
Those which are concerned with posture and equilibrium pass up 
in the cerebellar tracts to the pons, mid-brain, and cerebellum 
(see p. 662 ). 

The impulses which do reach consciousness pass into the central 
nervous system by the posterior nerve-roots and pass at mice via 
the columns of GoU and Burdach, i.e. the fascictdus gracilis and 
fasciculus cuneatus, in the posterior part of the cord of the same 
side, to the nucleus gracilis and nucleus cuneatus in the medulla. 
Thence they are relayed by other neurones to the thalamus of the 
opposite side, the actual crossing taking place at the decussation of 
660 
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the fillet in the upper part of the medulla. A few fibres pass to 
the cerebellum of the opposite side? The column of G-oll is derived 
from the posterior roots of the sacral, lumbar, and lower thoracic 
roots, but becomes displaced to the middle line by the column' of 
Burdach from the upper spinal roots. 

Vibratory sensation, i.e., appreciation of vibrations such as 
those of a tuning-fork, has a similar pathway. The receptors appear 
to be situated in the bones. 

Touch. — The nerve-endings concerned with touch appear to be 
the Meissner’s corpuscles in the skin, and the Pacinian- bodies for 
deeper sensation. The impulses of tactile discrimination, i.e., the 
power of- the individual to distinguish between adjacent points on 
the body surface, travel up on the same side of the cord in the 
posterior columns with the impulses of muscle and joint sense. 

The impulses of tactile localisation, or power of localising a 
touch, on the other hand pass up the posterior columns, but a/^er a 
few segments cross to the opposite side to occupy the anterior parts 
of the spino-thalamic tracts close to the fibres carrying impulses of 
temperature and pain. 

The impulses of light touch, tactile sensibility, have a double 
pathway, some going with the impulses of discrimination, and some 
with those of localisation. In the mid-brain the bundles carrying 
the various forms of touch become somewhat separated, and a lesion 
may affect one variety without affecting the others. 

Temperature and Pain. — The impulse in each instance begins 
at the nerve-ending. 

The impulses are conveyed by the posterior root-fibres to the 
central nervous system, where they pass almost immediately* to 
the more posterior part of the spino-thalamic tract of the other 
side of the cord. We kuow this largely from studying the disease 
syringomyelia, in which there is an enlargement of the central canal 
of the cord, due to degeneration of the surrounding nerve-tissue ; 
the morbid process cuts across the decussating fibres and there results 
loss of tactile localisation and of sensations of pain, heat, and cold in' 
the segments in the neighbourhood of the lesion, although tactile 
discrimination is unaffected (dissociated anaesthesia). Tn this con- 
dition, severe injury, such as burning of the fingers with a cigarette, 
may occur unknown to the patient. He may not let the cigarette 
drop as his muscle sense, and tactile discrimination may be normal. 

It must be understood that this consideration of the pathways 
for pain and temperature together is merely one of convenience. 
The impulses conveying the sensations are carried by different 
bundles, as is seen by the fact that certain lesions of the cord may 

* The short lengths of this tract before they cross form Lissauer’s tract. 
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abolish, for example, heat, and leave cold unaffected. Cutaneous 
and deep pain may also not be affected together, but this is probably 
-explained by the fact that the subserving fibres do not enter by the 
same spinal roots (Stopford). 

The actual fibres which subserve pain appear to be of all 
varieties (see p. 68). Some are small medullated fibres, but 
according to Eanson the majority are of' the more primitive non- 
medullated type. They are very evident in sections of the nerves 
of the skin which we know has a high degree of pain sensibility. 
These observations indicate that pain is phylogenetically a most 
primitive sensation. 

The Thalamus. 

Eventually all the impulses of general sensation reach the’ ventral 
nuclei of the thalamus where they are felt indistinctly, but from 
wliich they are sorted out again and are distributed by way of the 
posterior part of the posterior limb of the internal capsule to the 
sensory area of the cerebral cortex. 

The thalamus informs us if a body is hot or cold, but cannot • 
differentiate more accurately between finer differences of temperatm'e, 
nor can it tell the size or shape of an object.^ Similarly, the thalamus 
can appreciate only crude pain, which it cannot localise. 

In cases of rupture of the thalamogeniculate artery which 
destroys the posterior third of the ventral nucleus there may be 
transient disturbance of cutaneous sensation and on the opposite 
side a permanent loss of deep sensibility. 

The thalamus is also intimately connected with the various parts 
of the hypothalamus and corpus striatum (Le Gfos Clai’k). 

The lateral ventral nuclei receive fibres from the cerebellum and 
transmits to areas 4 and 6 of the cortex. 

It is possible by injecting strychnine into the thalamus (Dusser, 
de Barenne) to demonstrate topographical localisation in it. 


The Significance of Sensation. 

It is an important physiological truth that the significance of any 
given sensation to any individual depends on the circumstances in 
which it is experienced or in which a similar sensation has been 
experienced in the_ past. This is simply demonstrated in the old 
experiment of Aristotle. If a pencil be placed between the crossed 
fore and middle fingers there is a sensation of touching two 
objects. The pencil is touched by two surfaces, which, under 
ordinary conditions, could only be touched by two separate objects, 
and in the light .of past experience we conclude that two objects 
are involved, regardless of the fact that the fingers are crossed. 
Many other errors of judgment depend on similar past experience. 
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We may assume that minute areas of the body surface have 
each their local sign, i.6. the sensation arising from stimulation of 
one area differs in some obscure quality from the sensations arising 
from stimulation of neighbouring areas, thereby acquiring its own 
spatial colouring which enables us to identify the area when 
stimulated. The difference of local sign between two near points 
may be imperceptible in one region of the body, but fully 
recognisable in another. Again, the delicacy of the sense of touch 
may be very much increased by practice. A familiar illustration is 
seen in blind people, who, by constant practice, can acquire the 
power of reading raised letters, the forms of which are almost if not 
quite undistinguishahle by the sense of touch to an ordinary person. 

The extent to winch two points of a pair of compasses can be 
discriminated varies appreciably in different parts of the body 


(Weber). A few results are as follows: — 

Tip of ton^e 


1 

mm. 

Palmar surface of third phalanx of ibrefinger 
Palmar surface of second phalanges of fingers 


2 



4 

t* 

Palm of hand 

T, 

JJT 

to 


Dorsal surface of first phalanges of fingers . 

17 »♦ 

14 


Back of hand 


25 


Upper and lower parts of forearm 

]\Iiddle of thigh and back 

„ 

37 

♦» 

„ 

62 

99 


In the skin of the limbs, it is found that before they are recognised as 
two, the points have to be further separated when the line joining them 
is in the long axis of the limb than when in the transverse direction. 

The different delicacy of local signature possessed by different 
parts may give rise to errors of judgment in estimating the distance 
between two points where the skin is touched. Thus, if the blunted 
points of a pair of compasses (maintained at a constant distance 
apart) are slowly drawn over the skin of the cheek towards th6 lips, 
it is almost impossible to resist the -conclusion that the distance 
between the points is gradually increasing. When they .reach the 
lips they seem to be considerably further apart than on ' the cheek. 
Then, too, our estimate of the size of a cavity in a tooth is usually 
exaggerated when based upon sensations derived from the tongue alone. 

When, as occurs under certain conditions, an object is adjudged 
different from what general experience teaches us to be its “real” 
character, we have an illusion. Thus a hne. or figure may appear to 
be longer or shorter than it really is, or to take a direction different 
from its real direction. Or a weight may appear lieavier than 
another which is really equal to it. Illusions are due partly to 
peripheral, partly to central factors. Their investigation falls within 
the province of experimental psychology. 

Similarly, it will be remembered that our estimations of size are 
commonly dependent on experience. We presume, for example, 
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that lamp-posts do not change in size in the same street. A drawing 
of a street,' therefore, in which the perspective is wrong in relation to 
the lamp-posts may give a completely erroneous idea of relative sizes. 

The significance of a sensation also may depend on immediately 
previous sensation. For example, water at 30° 0.‘ is hot to a hand 
which has previously been in ice-cold water but is cold to a hand 
which has been in water at 50° C. 


Psychological Set in Pain. 

When the physiologist has finished considering pain the 
psychologist takes the matter further and his role is of , the 
greatest importance in practical medicine. The psychological set 
is important in both negative and positive directions; that is to 
say, a severe injury may be received in certain circumstances and 
not produce pain, or pain may be felt when there is no discoverable 
abnormality to account for it. 

- Absence of pain is frequent if the injury, such as a severe kick 
on the shin, is received during an exciting game of football, hut 
still less understandable is the fact that a patient maybe persuaded, 
especially during hypnosis, that any given procqdure is or is not 
painful. In hysteria a patient may be convinced that she cannot 
feel in some part of the body and allow herself to be injured, yet 
the doctor may, from the anatomical distribution of the anaesthesia, 
be quite satisfied that it is mental. Typical is glove anaesthesia, 
affecting the hand only, and which could only be produced by 
damage to all the sensory nerves at the wrist. Such patients are 
often tricked into recovery. It is believed that the state is 
essentially one of auto-suggestion. The subject is discussed in 
works on Psychology. 

Referred Pain. — It is evident that the impulses which pass up 
certain paths have a certain significance. This we have already 
referred to in relation to reflexes. For example, an individual who 
has had a leg amputated may experience pain in the limb that is off 
if the nerve-fibres which formerly supplied the leg are stimulated 
through involvement of their cut ends in the scar. 

Thus also pain, if set up by impulses which are transmitted by the 
sixth dorsal root, -is referred to that part of the body from which we 
have had previous sensory experiences, namely the shoulder-blade, 
although in reality it may arise from- the passage of a gall-stone 
down the hile-duct. Each spinal nerve contains afferent fibres from 
an internal organ as well as from the skin and errors in the 
localisation of disease on the part of the patient may readily occur. 
Commoply, however, as soon as ’the patient, realises that pressure 
with the hand in a certain region" elicits the pain, the latter is 
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no longer referred to a superficial area but to the organ lying 
underneath. 

In connection with the question of referred pain, we must 
mention the pathological condition known as allocheiria; when the 
skin sensations in any given area are depressed, stimulation of 
that area may give rise to sensations which are referred to the 
^ corresponding area on the other side of the body. 

Conditioned Pain.* — Any movement which in the past has 
been associated with a painful stimulus may cause a reaction like 
that of the painful stimulus. A threatened pin-prick may cause 
a reaction, e.g. of the circulation, like that of an actual pin-prick. 
(See Effect of Higher Centres on Circulation.) 

It looks as if a process of " conditioning ” was possible in relation 
to sensation since every sensation may acquire a significance which 
may bear little or no relation to the elementary quality of the 
sensation. The subject is closely related to conditioned reflexes 
but has been little investigated. 

These facts are of great importance in disease. Eor example, 
pain on movement may have been associated with an injury, 
but the movement may continue to cause pain long after the 
injury has been recovered from. This state is seen also in 
pet animals. 

Hyperalgesia and the Nocifensor System. 

It has been pointed out by Lewis that when the skin is pinched 
in a few minutes there develops around the point an area of h}'per- 
algesia or local tenderness of the skin associated often with a slight 
sensation of burning. He put forward much evidence that the fibres 
concerned belong to a peripheral arborisation of posterior root-fibres 
which differ from those of pain. Such arborisations have been found 
to overlap very appreciably but the hypersesthesia is distributed in 
the area of a peripheral nerve distribution. It is argued that the 
fibres are different from those of pain because' pain sensation 
disappears sooner than the hyperalgesia if the area is asphyxiated 
and particularly because pain sensations are necessarily more 
localised than the hyperalgesia which is diffuse. 

Visceral Sensations. 

Accurate and discriminative sensibility of varying nature is a 
special characteristic of the cutaneous area. Less elaborate sensibility 
is found in other parts also, but in most internal structures of the 
body it is limited to pain. The oesophagus and anal canal alone seem 
to be endowed with the temperature sense ; the feelings of warmth 

* So far as the author is aware this term has not been used elsewhere. 
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and cold on swallowing liquids of different temperatures are entirely 
referable to the upper portion of the ahmentaTry canal. Hurst’s 
experiments place this beyond question; immediately the food has 
passed into the stomach we are unaware of its temperature except 
by the warming or cooling of the neighbouring portion of the gullet, 
or the skin overlying the viscera. 

Pain is the most widely distributed sense in the body, but in 
internal organs is not localised accurately, and it is here that the 
" referred pains ” in corresponding skin areas (see p. 666) are useful 
for diagnostic purposes. Pain, however, is not produced in the 
viscera by handhhg or even by cutting or burning : it appears to be 
associated with excessive action, stretching, and with inflammatory 
conditions which involve the sensitive parietal layer of the peri- 
toneum. This has been amply shown in operations in which the 
abdomen has been opened under local ansesthesia. Inflammation of 
the serous membranes is an exceedingly painful condition — for 
instance, in pleurisy and peritonitis — but tliis condition, per se, does 
not apparently cause any referred pain or tenderness in cutaneous 
areas. 

Many of these facts may be illustrated by the use of the spinal 
animal in which painful stimuli produce reflex movements of the 
limbs and tail. They also cause a dilatation of the pupil in the 
cat under chloralose anassthesia. McDowall has shown that either 
of these methods may be used for tracing the afferent fibres from 
the viscera. 

It appears to be a general rule, as Head first pointed out, that 
the mind projects sensations arising from an area of low sensibility to 
that area of higher sensibility which is related to it most closely by 
connections within the central nervous system, and tliis imderlies the 
causation of referred visceral pains, and of allocheiria. 

There are, however, special kinds of sensation arising from 
internal viscera wliich have no counterpart in the sensations of the 
cutaneous surface. Of these, hunger and tliirst are the most famihar. 

References to Visceral Sensation ; — ^Lewis, Leriche, Ranson, Morley. 


Hunger. 

* ^ <s 

When slight, hunger is termed appetite, and there is some differ- 
ence of opinion whether the two are separate sensations, or only 
different in degree. Appetite is referred to the stomach, and is 
a normal sensation, which arises at an interval after a meal, and 
as is well known it is intensified by muscular' exertion, especially 
if the air is cool. It has been suggested that the oxidation processes 
•which occur in the muscles produce some substance or substances- 
which excite jfche sensory nerve-terminals in the stomach. In 
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diabetes, where oxidation runs an unusual course, carbohydrates 
escape oxidation to a large extent, an intense appetite may be 
present in spite of abundant feeding. 

Hunger is associated with motor activity of the stomach, which 
can be recorded from a swallowed balloon attached by means of 
a tube to a recorder. Carlson, Professor of Physiology _ in 
Chicago, claims that these movements bring about hunger pains. 
The sensation of hunger can be temporarily appeased by filling the 
stomach even with indigestible or non-nutritious material Carlson 
has shown that the movements are reflexly inhibited when food 
enters the mouth and is masticated; the nerves of taste act as the 
afferent channel for the reflex; hence the feeling of hunger passes 
off long before absorption of food begins.' It may be assumed that 
the appeasing of the appetite results in a reduction of gastric 
tone. There is evidence that the sense of himger may be related 
to the amount of the blood-sugar (Lawrence). Attention was 
drawn to this aspect of the question by the fact that the injection 
of insulin which lowers the blood-sugar causes a sensation of 
hunger which may almost amount to pain. At the same time there 
are hunger contractions. These are inhibited by the intravenous 
injection of sugar (Bulatao and Carlson). An extensive study of two 
diabetic students who took insulin regularly, and in whom balloon 
records were taken from the stomach, failed, however, to reveal any 
relationship between the sensations, blood sugar and stomach 
movements (McHowall). The subject was investigated by Poulton 
and his co-workers, who showed that the actual pain occurs not 
when the stomach is contracting but when it is relaxed. Their 
experiments suggest that there is during hunger a rise of tension 
in the stomach or elsewhere which compresses the nerve-endings. 
These, however, are relieved when the muscle-fibres take up the 
tension and prevent the compression. This explanation receives 
support from the common experience that a pang of hunger is 
frequently associated with the sound ' of gurgling and sensations 
of movement of gas in the gut. 

It is just possible that the sensation due to slight gastric 
distension of an empty stomach by gas or a balloon is not the same 
as true hunger pain. 

We must, however, recognise that the gastric sense is a complex 
one, as is illustrated by the aversion for food felt during monotonous 
diets or after over-feeding, or when certain articles of diet are 
taken, or the cause of the absence of hunger after fasting for four 
days. These and many other points are not as yet understood.' 
(Carlson, Poulton.) 
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, Thirst. 

Thirst is a sensation referred to the pharyngeal region rather than 
to the stomach, and appears, like hunger, to he a protective signal, 
locally excited to warn the living organism of the necessity for regu- 
larity in the intake of nutriment. Although its intensity increases 
with the loss of water from the body, leading to a lessening of the 
saliva secreted, probably as a result of a slight increase in the osrnotic 
pressure of the blood, it occurs normally long before there is any 
serious upset of the normal relationslrip of the water percentage 
of the tissues. It is appeased immediately by the administration 
of fluid, and although fluids reach the absorbing surface of the 
duodenum sooner than was formerly supposed to be the case, it is 
unquestionable that the relief of thirst is mainly the result of 
moistening the local surface, the impulses from which excite the 
sensation. Thirst may be produced by drying the throat artificially. 
This accounts for the thirst which results from the taking of 
excessively salt or sweet articles of diet. Mere physical drying of 
the throat (Cannon’s “ false thirst ”) produces a similar sensation and 
is relieved by the local application of water without its necessarily 
being swallowed. A further proof of the local nature of thirst is seen 
in the fact that it is abohshed by painting the back of the tongue 
with cocaine, a drug which paralyses nerves and nerve-endings. 
Thirst which is due to prolonged deprivation of water is not a mere 
local sensation, but is produced by loss of water in the tissues gener- 
ally, exciting widespread sensory terminations therein ; the bodily and 
mental anguish experienced are then of an intense character. 

The independence of tlie two sensations hunger and thirst is well 
illustrated in many diseases, where a loss of appetite occurs without 
any corresponding loss of desire for fluid. Starling (1909). 
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THE PHYSIOLOGY OF CONSCIOUS STATES 
Consciousness. 

In physiological considerations of sensation . and voluntary move- 
ment it is usual to take consciousness for granted for we are far 
from understanding its exact nature. Consciousness belongs 
academically to the realm of Psychology, but it is becoming 
abundantly clear that there is no hard and fast line between the 
subjects of Physiology and Psychology. In considering the protective 
reflexes and also the conditioned reflexes, by which animals learn 
by experience, we have seen a whole host of activities which the 
uninitiated might have thought to be dependent on consciousness. 
"We have seen that although consciousness may be necessary for 
the establishment of such conditioned reflexes, it is certainly not 
necessary for their operation ' once they have become “ fixed ” in 
the nervous system, and we can certainly learn without conscious 
effort, as in the case of advertising posters. 

Consciousness may be defined as an awareness of the existence 
of oneself and of the external world, and the e^ddence is very 
complete that it is dependent in man on the occurrence of a given 
amount of oxidation taking place in the cerebrum. Without such 
chemical changes we know that nerve-cells cease to function and 
die. We can say, from a study of the changes in electrical potential 
of the brain, that consciousness is a correlate of the activity of 
cerebral nerve-cells, and we are aware of certain streams of impidses 
which pass through the cerebrum pro'vdded they are of sufficient 
magnitude, whether they occur during the av^ake or sleeping state. 
If they are present when we are asleep a dream restdts, but then 
we are not completely aware of our immediate environment. 

It seems most probable that the state of consciousness varies 
throughout the animal kingdom, but in man alone has reached a 
stage of evolution which makes it possible to form mental concepts 
of which that of mind, as an abstract or spiritual entity, is the 
most important. The emotions appear, for the most part at least, 
to depend on instinctive drives very akin to reflex actions, and 
it is evident that many of the responses to such emotions are 
conditioned like reflexes. How conditioning, the emotions, and the 

670 . 
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activities of the mind are correlated and affect feelings and conduct 
are discussed in Sane Psychology, a biological introduction to 
Psychology by the same author and publisher as this book. 

In the past the subjects of Physiology and Psychology have been 
almost poles apart because those whose outlook commenced with 
■the immaterial entity, mind, could see little or no need for the 
nervous system or any of its workings. It is, however, slowly 
becoming apparent that not only has mind a profound effect on 
body but the body greatly influences mental processes, and that 
many of the known workings of the lower parts of the nervous 
systerd have obvious counterparts in the mental plane, with the 
result that with a saner and more balanced appreciation of the 
facts the boundaries between Psychology and Physiology are fast 
disappearing and their separate fields are becoming merely con- 
ventional. Thus we have for the physical protection of the body, 
protective reflexes, protective instincts, and protective reasoning, all 
merging into each other, but all having a common purpose, while 
•in Psychology we learn of many mechanisms for the promotion 
of the protection of the peace of mind. 

Loss of Consciousness. , 

Although we, do not know exactly what consciousness is, we 
know that it depends on a number of entities which are of great 
importance in practical medicine. 

1. The Physical Integrity of the Brain. — We know that if 
the cerebrum is damaged- extensively, consciousness is lost. TMs 
loss may be temporary and may result from a sudden blow, such 
as the “knock-out” in boxing. This is believed to be due to a 
sudden raising of the pressure in the cerebrum and the production 
of cerebral anemia. (Trotter, Soutar.) 

2. The Oxygen Supply to the Brain.; — ^Any condition which 
reduces the oxygen supply to the brain produces imconsciousness.' 
The oxygen may fail because the blood supply is deficient or the 
blood itself may not contain sufficient oxygen. 

Loss of consciousness, therefore, occurs whenever there exists 
any condition which interferes with proper aeration of the blood 
in the lungs. If the blood is deficient in haemoglobin, or if the 
haemoglobin is combined with carbon monoxide to a sufficient degree, 
unconsciousness is produced. 

A state of semi-consciousness may be produced by over-breathing. 
In this case the blood contains sufficient oxygen, but the loss of 
carbon dioxide-' prevents it from dissociating to the cerebral cells, 
and this is aecentuated by any procedure which tends to lower 
the arterial blood-pressure, such as expiration against resistance 
(Hemingway). 
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A large variety of procedures and circumstances may produce 
a failure of the cerebral circulation. It may be produced by 
compression of the carotid vessels * (a dangerous procedure), a fall 
of blood-pressure such as results from haemorrhage or. from loss of the 
normal acti^dty of the vasomotor centre, all of which cause a rapid loss 



Fio. 227. — Diagram to illustrate levels of association. Tin’s Dgure if taken absolutely suggests that 
all three levels are in the same part of );he cortex. This is not the case. Moreover, it is possible 
that the lower levels may be sub-cortical. (Mott.) 


of consciousness. If temporary this is known as fainting. It becomes 
evident that strangulation or section of the carotid arteries in the 
neck is a much less painful form of death than commonly supposed. 
There is e^ddence that in right-handed persons consciousness may 
depend particularly on the left frontal lobe, for occlusion of the 
blood supply to this region is particularly effective in producing 
unconsciousness (Critchley). 

3. A reduction of the fuel supply to the brain produces results 
similar to those of deficient oxygen supply since both allow the 
“cerebral fires” to go out. This occurs if there is insufficient 
* The word “ carotid ” is derived from the Greekword karos meaning deep sleep. 
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ghicose^ in the blood to be oxidised, as in hypoglycemia from an 
excessive dose of insulin, when convulsions or unconsciousness may 
supervene. 

4. Unconsciousness or coma also results from diseases in which 
toxic products are abnormally produced or are retained, as in 
dialietes mellitus or nephritis. The poisonous substances probably 
act directly on the cerebral cells. 

Consciousness is associated with the activities of the nervous 
system to differing degrees, and it is possible to indicate this 
diagrammatically (fig. 227), although it must be understood that 
there is no hard and fast line between the different levels. 

Sleep. 

We are all familiar with sleep but its exact nature is not clearly 
understood. 

The first two hours of sleep are always the most pi'ofound ; later 
on, relatively weak stimuh will cause awakening. Of the parts of 
the central nervous system, the spinal cord is always less deeply 
affected than the brain, but even the brain is never entirely irrespon- 
sive, -and unless slumber is very profound, dreams are the subjective 
result of external stimuli. Sensations of sound appear to be the 
last' to disappear as sleep comes on, and the first to be' realised 
on waking. 

Changes which occur during Sleep. — ^During normal sleep 
there is a general reduction of sympathetic activity as indicated 
by constriction of the pupil, slowing of the heart, slight fall of 
blood-pressure, and an" increase in the volume of the limbs. If 
the subject falls asleep on a special balance (Mosso), the head end 
is found to become appreciably lighter indicating that blood has 
been withdrawn ■ from the brain. This is confirmed by the fact 
that if the brain of a man is observed during sleep, it is seen to 
retract slightly from the trephine opening in the skull. It may be 
noted, too, that a similar phenomenon is produced by narcotic drugs 
which produce sleep. The waves of the encephalogram (see below) 
’are at first increased and then decreased as sleep deepens. - 

It is known, too, that conditions which reduce sympathetic 
activity favour sleep, namely warmth, comfort, and the reduction 
of sensory stimulation by quiet and darkness, while their absence 
prevents it. 

How far the reduction of sympathetic action is the cause of, and 
how far the result of sleep is a difficult problem. 

A further complication is the recognised fact that fatigue, 
especially of the muscles, provided it is not excessive, a,lso promotes 
sleep. This may also tend to cause the accumulation of blood 
in the fatigued muscles, but it is possible that the chemical products 

Y 
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of fatigue may be sleep-promoting. Some investigators claimed to 
have isolated specific sleep-promoting substance. It used to be 
considered unlikely that such chemical substances are responsible 
because of the fact that the awakening from sleep may be a very 
rapid event. It is, as we shall see, just possible that the localised . 
accumulation of a substance like acetyl-choline which, as we have 
seen, is very rapidly destroyed, may be responsible. 

Howell among others believes cerebral anaemia to be the cause, 
and attributes the sleepiness that follows a heavy meal to the 
mechanical effect of a dilatation of the abdominal vessels in producing 
a diminished blood-flow through the brain'; but the sleep that 
normally comes on at the end of the day he believes to be produced 
by cerebral anaemia following dilatation of the blood-vessels of the 
skin, such dilatation being due to vasomotor fatigue, but studies of 
experimental sleep suggest that the cerebral changes are the primary 
cause. Therb is also a fall of -the blood calcium in normal sleep, 
and in that produced by sedatives and hypnotism. 

Experimental Sleep. — Sleep may be produced experimentally 
in a number of ways, notably by depressing the sympathetic, e.g. 
by the injection of ergotamine into the third ventricle .of the 
brain (Hess), or by stimulating the parasympathetic by raising the 
pressure’ in the carotid sinus by connecting it, when isolated from 
the circulation but with its nervous connections intact, * to an 
external pressure system. This latter procedure, it should be 
noted, reduces the activity of the knee-jerk (Wright and Schweitzer) 
and causes muscular relaxation. 

The injection of dilute calcium chloride into the third ventricle 
has also been found by Demole to produce sleep. This effect is 
antagonised by the injection of potassium chloride. 

Hess, Professor of Physiology in Zurich, found that stimulation 
of the mid-brain by a slowly rising and falling current also caused 
sleep, and has suggested the existence of a sleep centre in the 
region of the floor of the third ventricle. He found that the injection 
of ealciiun chloride into the region of the tuber cinereum also 
produced a sleep reversible by potassium cliloride. The view that' 
the mid-brain is specially concerned in sleep is supported by the 
fact that detailed post-mortem study, by Economo, of sleep}’’ sickness 
(encephalitis lethargica) shows evidence of the effects of an 
inflammation in this region. * The disease is characterised by 
prolonged apparently normal sleep, from which, however, it is 
always possible to waken the patient. 

Considerable attention has been given to the inhibition ihcoty 
of Pavlov, who has been able to produce experimentally in dogs 
a condition resembling normal sleep. He considers that normal 
sleep and hypnotic sleep are much more plosely related than 
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has been usually- thought, and that both are due to the irradiation ■ 
of inhibition. The subject has already been dealt with under 
“-Conditioned Eeflexes.” This view makes it possible that the 
inhibitory process need not occupy the whole of the cortex at a 
‘ given time, and thus gives interesting explanations regarding 
sleep-walking, dreams, persistence of the sense of time during 
sleep, etc. Incidentally, it suggests that the popular idea that 
certain individuals are at times only half-,awake has some scientific 
justification 1 • 

It is not, however, agreed by psychologists that hypnotic and 
normal sleep are so alike as Pavlov claimed. 

The view that sleep depends on the activity of a localised part 
of the brain is supported by Eanson, who produced sleep by section 
of the lateral hypothalamus in monkeys. This view does not 
contradict that of Pavlov but rather supports it, for we know 
that 'parasympathetic activity is very commonly conditioned. As 
examples we may take the secretion of saliva, vomiting, constriction 
of the bronchi in asthma, and erection of the penis. The exact 
relationship of this “ sleep centre ” to the sympathetic is unknown. 
In this connection it should be noted that sleep occurring naturally 
or produced by narcosis, provided the narcotic does not stimulate, 
is always associated with diminished sympathetic as distinct from 
parasympathetic action. The pupil is constricted, the heart slowed, 
and digestion continues. 

The Cause of Sleep. — In conclusion, we say that sleep occurs- 
when certain parts of the cerebrum are inhibited, but that the 
inhibition is facilitated by states which promote cerebral anaemia or 
a generalised reduction of sympathetic activity. Prom a practical 
point of view it should be remembered that states, e.g. sensory 
stimulation or cold which cause increased sympathetic activity, are 
liable to prevent sleep. Thus the hot water bottle is justified. 

The Relation of the Action of Narcotics and 
Anaesthesia to .Sleep. 

Many attempts have been made to relate the action of drugs 
which produce unconsciousness to sleep. It is well recognised that 
the sleep produced by narcotics is restful and beneficial, but it may 
be that they facilitate or initiate normal sleep: This sometimes 
occurs during the induction of anaesthesia. It will be realised that 
a narcotic only differs from an anaesthetic 'by convention. With 
the anaesthetic the unconsciousness is deeper and more easily 

reversible. ’ 

There can be no . doubt that, as shown by Demoor, _ httle 
round swellings are produced on the dendrites by the action of 


I 



676 THE PHYSIOLOGY OF CONSCIOUS STATES [CH. L. 

anesthetics and narcotics and the Nissl bodies of nerve-cells are no 
longer so easily stained. Many have tried to prove that such drugs 
produce unconsciousness by reducing cerebral oxidations, but the 
evidence for this is, however, so very slight that it may be ignored - 
(see Henderson, 1930, and Pask, 1941).- Some anaesthetics may act < 
by becoming dissolved in the fatty cell envelopes, and certainly the 
effect of the older anaesthetics was usually proportional to their 
fat solvency. This constituted the basis of the well-known Meyer- 
Overton hypothesis. Several of the newer anaesthetics and narcotics 
are, however, not specially fat soluble and it now seems more 
probable that they act on enzyme systems in the cells or, as 
suggested by Moore and Eoaf, by making some unstable compound 
with the cell protein. It might be that the drugs interfere with 
humoral transmission between the neurones of the cerebrum. 
However such drugs act, it is evident that neither the}" nor sleep 
do the same permanent harm as does prolonged deprivation of 
oxygen. 

The Effect of Loss of Sleep. — It should be recognised by the 
public that sleep is the period of anabolism, repair, and growth, 
and a large allowance is therefore necessary in growing children, 
who, amongst the lower classes, are often seriously harmed by 
insufficiency of sleep. 

A thorough investigation of the effect of sleeplessness in adults 
was made on himself and his colleagues by Kleitman of Chicago ; they 
voluntarily went without sleep for periods varying from 40 to 115 , 
hours. They could easily remain awake when actively engaged, but 
became drowsy when sitting and feU asleep immediately on lying 
down or on complete muscular relaxation. It is remarkable how 
normal they remained otherwise; their blood, urine, etc., were 
examined, as was also the condition of their heart, respiration, 
blood-pressure, temperature, appetite, digestion, basal metabolism, 
and reflexes. Any departures from the normal, if present at all, 
were trivial; subjectively the feeling of sleepiness was alone 
marked; ability to do mental arithmetic was unimpaired. The 
most essential factor in causing sleep is muscular relaxation; this 
causes a loss of proprioceptive reflexes which in actiAity are always 
in action. 

The effect of loss of sleep not exceeding one night has been 
shown experimentally to have a beneficial effect during the first 
half of the followmg day, but thereafter there is a fall in efficiency 
which, hi spite of sleep, may not be fuUy recovered for three days. 

Experimental studies show also that although during the first 
three hours sleep is at its deepest it is not so recuperative relatively 
as the later five hours of lighter sleep. It would seem then that 
the duration is more important than the depth of sleep. 
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The Electrical Reactions of the Cortes. 

Modern methods of amplification by means of valves have made 
it possible to study the action potentials of the cortex which occur 
during activity. These may he recorded direct from the brain of a 
lightly anaesthetised animal or from the scalp of man. During sleep 
or deep anaesthesia there is almost complete “ silence/’ hut during 
consciousness or light anaesthesia various rhythmical changes in 
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Fjg. 228. — Encephalograms taken in subjects in different states. Note the special activity 
of tbe occipital cortex. (From records kindly supplied by Dr Davrson.) 


potential are recorded — notably the Berger rhythm of the' human 
electro-encephalogram. External stimuli sometimes synchronise 
independent normal rhythms. These electrical changes appear to 
be -the result of groups of neurones in action — for it can readily 
be shown that the changes in special regions of the brain become 
increased or altered when corresponding sensory nerves are stimulated. 
For example, the occipital cortex becomes active^ when the eye is 
stimulated, but the inherent Berger -rhythm is abolished. There 
seems little doubt afferent impulses are also concerned ^ in the 
production of the electrical changes, for a section of the brain stem 
reduces the waves to those of deep sleep (Bremer, 1937), which 
is due to a slow synchronous discharge mainly of the occipital 
cortex. The alpha waves of Berger are reduced by mental activity 
or attention to any special stimulus. As a subject falls asleep the 
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waves are increased and in bursts, but later are reduced. Narcotics, 
aniesthetics, and hypnosis produced similar effects. Other waves 
and rhythms have also been described from other parts of the cortex. 
Dreams and epilepsy are associated with marked increases in the 
electrical changes. (Adrian, 1934, and subsequent papers in Journal 
of Physiology?) 

It will, of course, be realised- that these changes in electrical 
potential occur spontaneously, but fundamentally we may look upon 
them as produced similarly to those which may be recorded from 
the cortex when various sensory nerves are stimulated. 
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VOLUNTAET MOYEMENT : CEREBELLUM, HYPOTHALAMUS, 

BASAL GANGLIA: SUMMARY 

When a decision is made to make a certain movement we may 
look upon the effective impulse as starting in the motor area of the 
cerehrum and passing down the pyramidal tracts.* The pyramidal 
tracts arise in the larger pjoramidal cells of the precentral gyrus. 
Thence the fibres converge, like the frame of a fan, through the corona 



MID BRAIN 

Fio. 229. — Degeneration after destruction of the Rolandic area of the right hemisphere. The black 
degenerated area shows the position of the pyramidal tracts throughout its course. (After Gowers.) 

radiata to the internal capsule (fig. 229), where the fibres become 
bunched together between the lentiform nucleus externally and the 
thalamus and caudate nucleus on the inside (see also fig. 229, b). In 
horizontal section, the internal capsule appears bent. The pyramidal 
tracts lie at the bend and in the anterior two-thirds of the posterior 
limb, and from before backwards the fibres are arranged in order for 
the head, arm, trunk, legs. The posterior third of this limb is 
occupied by sensory fibres on their way from the thalamus to the 
cortex and by the final visual and auditory path. The anterior 

* These tracts consist of a million fibres and cannot arise slowly from the Betz 
cells of which there are only about 35,000. 
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limb of the capsule is occupied by fibres passing from the frontal 
lohe to the pons. The importance of this arrangement lies in the 
fact that a destruction of the fibres very readily occurs as a result of 
cerebral haemorrhage in this region, and the localised paralysis which 
results depends on the actual damage done. These anatomical 
details have been ascertained by studying the detailed effects of 
destruction of the motor area. The effect of this is shown in 
fig. 229. 

In the crus the fibres occupy the middle of the region in front of 
the substantia nigra (s.N.) ; in the pons the fibres are more scattered, 
but in the medulla they become again concentrated in the anterior' 
aspect. In the lower part of the medulla most of the fibres cross 
to the opposite side at the decussation of the pyramids, the crossed 
pyramidal tract occupying the lateral column of the cord until it 
reaches its destination. In the lower part of the cord where the 
cerebellar tracts are small the pyramidal tracts extend to the 
lateral margin of the cord. The fibres of the tract end by arborising 
round internuncial cells in the region of the posterior horn (not the 
anterior), whence they are relayed to the anterior horn cells, whose 
axons pass out from the spinal cord to the muscles, etc. Some of 
the pj'xamidal fibres do not cross but remain as the direct pyramidal 
tract in the anterior aspect of the cord throughout, crossing, 
however, at intervals as far down as the lower thoracic region. 
Throughout its course in the brain the pyramidal tract gives off fibres 
ma sensory cells (such as those in the substantia nigra) to the 
cranial nuclei. 

The pyramidal tract is not found in all vertebrates below 
mammals, and its fibres are few in the lower mammals. In rodents 
they Lie in the posterior columns. The direct pyramidal tract is 
found only in man and in the higher apes. 

The ruhro-spinal tract lies and functions in close association 
with the p}Tamidal tracts (see fig. 230) and, as we have seen, if 
it is cut, together with the liyramidal tracts, decerebrate rigidit}' 
results. It has its origin in the red nucleus, crosses in the mid- 
brain at the decussation of Iflorel and ends by synapsing in the 
lateral grey matter of the cord. Other descending tracts, the 
functions of which are unknown, are a few short tracts in the 
-posterior columns, and the olivo-spinal tracts which ma}" be 
concerned with equilibrium. 

In climeal work the Betz cell and the pyramidal fibre are 
commonly known as the upper motor neurone, while the antei'ior 
horn cell with its axon is known as the loioer motor neurone. 

.Desriuction or damage to the pjTamidal tracts results 'in 
paralysis of the particular part of the body supplied. If aboA'-e the 
decussation of the pyramids in the medulla, as it commonly is in 
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cerebral lifemorrbage, the paralysis is on the opposite side of the 
body, although it may affect the muscles of the same side of the 
face.* If the motor area is damaged, as it may be at birth, paralysis 
of a single limb may occur. Even when both limbs of one side are 
affected '^(hemiplegia), the trunk, chest, and abdomen which are 
bilaterally innervated usually escape. The state of the muscles is 
somewhat reminiscent of decerebrate rigidity, the paralysed muscles 
•have excessive tone (spasticity) and the deep reflexes of the part are 
increased. 

Damage to the tracts in the spinal cord is less common. It may 
occur in injury and disease, a.y. tumour. In such conditions the 
interference with voluntary movement is, as a rule, accompanied by 
impairment of sensation also. 



Fia. 231. — Diagram of apparatus for recording reaction time. 


Useful voluntary activity does not, however, depend solely on 
the motor pathway. It depends also on sensation, as we have 
already seen on page 611, and it must be realised that diagi'ams 
such as that above are merely convenient \vays of conveying a 
mental picture. All the evidence appears to indicate that when 
we move, say an arm, a shower of impulses is sent donm tlie 
pyramidal tract to the anterior horn cells moving the essential 
muscles concerned, but that such contraction sets up at once groups 
of reflexes which modulate the activity of the muscles and the 
associated muscles. (See also p. 684.) 

Ho doubt the cerebro-cerebellar connections, via the pontine’ 
nuclei, also play a part, but how" they do so can only be conjecture. 
Possibly impulses pass down these pathways at the same time as 
they do the pyramidal tracts. 

It is, however, to be understood that to consider the voluntary 
impulse as beginning in the motor area is merely convenient, as it 

* Kife crossed paralysis involving the face on one side and the limbs on the 
other is characteristic of hemorrhage into the pons. Lesions higher up, in the 
internal capsule, cause paralysis of the opposite face and limbs. 
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is the first point which we know of accurately. hTo doubt, impulses 
reach' this area from the association areas and there is evidence that 
the frontal area may be specially concerned (Kinnier Wilson). The 
close relationship of the sensory to the motor area suggests that 
many of the stimuli come from the sensory area and there is little 
doubt that many of our so-called voluntary actions are more in 
response to direct sensory stimulation than at first sight appears. 
It ' is of interest also to observe that repetition . of ^ voluntary 
movement to a given ' stimulus (seen in taking reaction times) 
does cause an increased speed of response, while drugs, e.g. 
bromides, and diseases, e.g. myxoedema, affect voluntary activity and 
reflexes. 

Reaction Time in Man. — The term reaction time is applied to the time occu- 
pied in the central nervous system in that complex response to a pre-arranged 
stimulus in which the brain as well as the cord comes into play. It is sometimes 
called the personal equation. It may be most readily measured by the electrical. 



Fig. 232.— The dilemma. 


method, and the diagram (fig. 231, p. 682) Utetotes one ot the nametom 

S^e^e|«ef»r the co„« of D, 

is ^IreaJon time. It usuaUy varies from 

0-15 to 0-2 second, but is increased m: ^rraneed as before. The wires from 

The cross wires. To 

the secondary coil J eleSro^s E and E' pass ; these are applied to 

each pair of end sere , of 2 o\ it is arranged previously that D is to open 

SaSi; butlol the ?«•«, C ^ti„g the reverter uokooreo 
toD. In these circumstances the reaction time is 1 ng . 
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The reaction time in response to various kinds of stimuli, sound, light, pain, 
etc., varies a good deal; the condition of the subject of the experiment is also an 
important factor. 


The Role of Afferent Impulses in Voltmtary Movements. 

Although, as we have said, voluntary movements are conveniently 
looked upon as commencing in the motor cortex of the cerebrum, 
afferent impulses play a large part in their initiation and accurate 
execution. 

In the first instance, our decision to make any movement is 
almost invariably the result of an impulse 'from the external 
environment, which causes us to make the movement at a given 
time. Similarly, afferent impulses may cause us to move the part 
in a certain direction. 

If the movement involves balance, all the impulses from the 
eyes, from the labyrinth, and from the muscles themselves determine 
the extent to which movement may be made and the necessary 
adjustment which is required to maintain equilibrium. 

The impulses from the muscles themselves are of special 
importance in grading and co-ordinating. This is well seen when 
there is, as in tabes, disease of the posterior horns and posterior 
nerve roots. The patient is unable to judge exactly when his feet 
reach the ground in walking, his gait is therefore stamping and 
gives the name locomotor ataxia to the condition. All such 
impulses from the muscles are co-ordinated in the cerebellum, but 
how exactly they are linked to those of the pyramidal tracts is 
unknown. 

Finally, afferent impulses may bring voluntary movement to an 
end as is weU seen in the “Halt” of the driU instructor. 

It is of interest to note in conclusion that when the sensory 
nerves are cut or damaged there is a disinclination to move the 
part. If the trigeminal nerve is cut (for neiu’algia) the patient does 
not move his face unless specifically asked to do so. Similarly there 
is in tabes a lack of desire to move, and a similar state has been 
noticed in animals whose posterior roots are cut. 


The Cerebellum. 

The cerebellum consists of a central lobe known as the vermis 
which connects two hemispheres, but unfortunately the usual 
anatomical descriptions bear no relation to function. Its outer 
cortex of grey n^atter is even more infolded than that of the cerebrum, 
and in the white matter of each hemisphere are situated masses 
-of grey matter of which the most important are the dentate nuclei.. 
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The gpy matter is peculiar in possessing the cells of Purkinje, each 
of which has a bush-like dendron. 

The connections of the cerebellum to the rest of the brain 
. are by means of its three peduncles in which are the nerve-fibres 
which subserve its various functions, but the exact function of all 
these connections is by no means clear. (See ,fig. 233, p. 686.) 

The inferior ;peduncle (i.P.), or restiform body, is composed of 
ascending fibres which pass into it— (1) from the cerebellar tracts 
of the same side, and (2) from the olivary nucleus of the opposite 
side; (3) from the nucleus gracilis and nucleus cuneatus of both 
sides (external and posterior arcuate fibres) ; (4) from the vestibular 
nerve, or from the nuclei in wliich it terminates in the pons. 

The middle peduncle (m.p.) is formed of fibres which originate ' 
from the cells of the nucleus pontis : they pass from one side of the 
pons to the opposite cerebellar hemisphere. 

In the higher mammals, which use their forelimbs freely, 
these connections are of special importance as the impulses from 
the motor area of the cerebrum pass through this way via the nuclei 
pontis. 

The superior peduncle (s.P.) consists of (1) the axons of the 
cells of the nucleus dentatus and (2) fibres of the indirect spino- 
cerebellar tract. The axons arising from the nucleus dentatus 
decussate in the mid-brain with those of the opposite side, give off 
descending branches which terminate in the nucleus of Deiters, and 
furnish collaterals to the red nucleus and third nerve nucleus ; they 
are then continued upwards to the optic thalamus. Trom the red 
nucleus the rubro-spinal tract arises, decussates with its feUow in 
the mid-brain, and descends to the spinal cord. Trom the optic 
thalamus a relay of fibres passes to the cerebral cortex. 

Thus it will be seen that each half of the cerebellum receives 
impulses from the joints and muscles, mainly from the same side, 
via the spino-cerebellar tracts ; from the labyrinth by means of the 
vestibular nerve of the same side; and from the cerebral cortex of 
the opposite side through the fronto-pontine tract and the nucleus 
pontis. Since the axons of the Purkinje cells of the cerebellar cortex 
end in the nucleus dentatus, the axons of which form a large part 
of the superior peduncle, one hemisphere of i the cerebellum furnishes 
efferent impulses to the opposite cerebral. hemisphere via the optic 
thalamus and to the same side of the spinal cord through the 
rubro-spinal tract; the impulses to the spinal cord must therefore 
cross the middle line twice. The cerebellum, through its superior 
peduncle, also gives impulses to the third nerve nucleus ; the important 
part played by the cerebellum in the co-ordination “of eye-movements 
is thus readily understood. 

The function of the cerebellum was first pointed out by 
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FlourenSj who showed that the cerebellu.ni is, as has beeii indicated 
already, the great centre for the co-ordination of muscular movement' 
—that is, the harmonious adjustment of the working of the muscles ; 
in doing so the cerebelluni co-operates intimately with the posturai 
mechanisms already described and with those, responsible for 
voluntary movement, 

Fulton describes it as a vast organ of the motor system lying in 
the downstream in the reflex arc from the cerebral cortex. There 
seems to be little doubt that it is particularly concerned with 
co-ordinated movements which have been acquired. 

Its functions are suggested by its nervous connections (fig. 233) 
and by its development, a study of which has been made by 
anatomists, but have been largely confirmed and extended experi- 
mentally by extirpation experiments and by studying the elec- 
trical potential changes which are produced by various peripheral 
stimulation. . . 

These functions fall into three main groups : (1) equilibration, 
(2) standing, (3) the co-ordination of muscular movement, 

1. A study of its development in animals indicates that the 
organ is developed as an extension from the vestibular nucleus. 
Its earliest developed part of paleocerebellum' (the fiocculus and 
nodule) has therefore special connection with the vestibular part 
of the 8th nerve and is concerned with equilibrium. In fishes 
and birds this is well seen. 

2. With the development of legs and the antigravity 
mechanisms the cerebellum becomes concerned with the impulses 
from muscles, especially from the limbs, and the spino-cerebellar 
tracts make their appearance and are associated with the develop- 
ment of a new part in the middle of the organ which go by 
different names, the paraflocculus P.F. with the pyramid. In 
this region representation of the various areas of the body is 
seen. 

3. In the higher mammals in which free movement of the 
limbs, apart from standing and walking, becomes an established 
feature, the cerebellum takes on a still larger function in regard 
to co-ordination of. muscular movement, and new afierent connec- 
tions via’ the thalamus and efiferent connections via the pontine 
nuclei between the cerebellum and the cere'brum become estab- 
lished. A new portion or neocerebellum (The Body) grows again 
into the middle of the existing cerebellum and becomes its largest 
part, but a study of the electrical changes of this region suggests 
that its function is largely associational. (See Localisation of 
Function below.) 

The functions of the cerebellum have for the most part been 
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investigated by observing the effects of removal in animals and 

the effects of disease and removal for tumour in man. _ 

As its development suggests the effect of removal^ in animals 
depends very niuch on the animal used and the use it mahes of 
its muscles. 

From the above we should expect that the lesion of the 
flocculo-nodular lobe should give rise to disturbances of equilibrium 
without necessarily any of limb reflexes or motor activity, whereas 
tumours of the body or the pathways to it will be expected to 
affect primarily co-ordmation of muscular movement and produce 
tremor. 

Lesions of the primitive flocculo-nodular lobe or tumours of 
the nodule give rise to a loss of equilibrium of the trunk, but there_ 
are no tremors and no disturbance of reflexes. 

Flourens and many others used birds for their investigations 
because the organ in these animals is relatively large and accessible, 
and in these animals as in all others the disturbed condition of 
gait and the co-ordination necessary for flying contrasts forcibly 

with, normal movements but sleepy 
state produced by removal of the 
cerebrum. 

Removal of the most recently 
developed neocerebellum or body of the 
organ results in inco-ordination of the 
voluntary activities of mammals, and 
section of the ’superior peduncle which 
connects the organ to the cerebrum has 
a similar effect, (Larsell, 1937.) It 
has also long been known that faulty 
development of the cerebrum is 
associated with a similar failure to de- 
velopment of the cerebellum (especially 
the body) of the opposite side (see fig. 234). Removal of the 
anterior lobe connected with the spinal cord causes an increase of 
reflexes and of decerebrate rigidity (Sherrington), while stimulation 
has the opposite effect. No corresponding lesions have been 
described in man. 

In man disease, such as tumour or abscess, of the cerebellum 
leads to the condition of cerebellar ataxia. This ataxia or disorderli- 
ness of walking is part of a general disturbance of co-ordination and 
is specially seen in lesions of the flocculo-nodular lobe but there is no 
tremor. There is general weakness (asthenia) and loss of tone (aionia) 
of the muscles concerned. The muscles, therefore, feel flabby and the 
limbs unduly loose and flail-like if moved. The individual is slow 
and clumsy and cannot bring his movements smoothly to an end. This 



Fio. 234. — A photograph of a lunatic's 
brain (Prieke). One cerebral and the 
opposite cerebellar hemisphere are 
atrophied. 
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patient attempts to touch the nose ; he not only 
has difficulty in reaching the nose, but he may strike the nose forcibly 
while in attempting to make such an accurate movement tlie muscles 
act mco-ordinately instead of acting smoothly together (asynergia). 
ihere is also a coarse tremor of the hand and there may be 
nystagmus of the eyes (see below). 

The weakness, if unilateral, tends to render him liable to fall 



Fig. 286. — Diagram showing the points of receipt of afferent impulses on the surface of the 
cerebellum in the monkey and their relation to the cortex. (Adrian.) 


to the affected side, since, as we have seen, the cerebellar tracts 
are uncrossed. The head is commonly rotated to the opposite 
side. 

These facts are no doubt related to the observation that 
decerebrate rigidity is reduced by stimulation of the superior 
peduncle, of the anterior lobe or the roof nuclei, while lesions of 
these regions increase the rigidity, but no localised lesions of this 
kind have been described in man. 

Speech may be similarly affected, being tj^ically staccato in 
character or laboriously slow. There is also interference with the 
compensating movement of the eyes, the production of nystagmus 
(see p. 691) and deviation of the eyes. These disturbances result not 
only from disease, of the cerebellum, but also vffien the paths to'and 
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from the organ have been impaired, and may be considered to 
be due to an asynergy of the muscles concerned. The normal 
mechanism of the knee-jerk is disturbed. It is less sustained than 
normally, so that the leg appears to fall limply. The after-swing 
so produced has caused the term pendulum knee-jerk to be given to 
the response. 

Localisation of Function. — It has now been shown, especially 
by Adrian and by Dow, that in the monkey afferent impulses 
are received on definite areas of the cerebellum, as we have 
seen occurs in the parietal region of the cerebrum (see fig. .235). 
Pressure on the pad of the foot and its dorsi flexions are 
particularly efi&cacious in setting up nerve impulses which can be 
traced electrically to the cerebellar cortex, but tactile stimuli and 
those set up by blowing on the hairs can be similarly traced. The 
area for the hind limbs is represented anteriorly in the lobus centralis, 
then the forelimb and the face, especially the vibrissa of the nose 
region, further back, the lobus simplex. In each case the pontine 
fibres are represented more laterally than the fibres from the spinal 
cord. It would seem that the vermis is concerned with the trunk 
movements. The bulk of the neocerebellum appears to be of the 
nature of an association or silent area. As in the case of the motor 
area of the cerebrum the afferent area for the forelimb is relatively 
large. 

According bo Bolk the upper surface is responsible for the thorax, neck, face, and 
arms, especially for adduction, abduction, and flexion, the lower surface controlling 
the lower part of the body, especially adduction and abduction of legs, but it now 
seems doubtful if this statement is generally applicable to all animals. 

Recovery from Lesions. — ^The effects of removal of the cere- 
bellum in animals is, however, not permanent ; indeed, dogs, in which 
the cerebellum has been removed, recover their normal gait and do 
hot appear otherwise abnormal. In man also, considerable degrees 
of recovery may be seen. 

This recovery appears to be the result of other parts of the 
central nervous system, especially the cerebrum, taking over the 
functions of the cerebellum, since, if in recovered animals the 
cerebrum is now removed, the disturbance of gait returns. 

These facts emphasise the intimate relationship between tlie 
cerebrum and the cerebellum. They suggest, indeed, that' the 
cerebellum is not an essential organ in the sense that tbe move- 
ments cannot be carried out in its absence. It seems not unlikely, 
however, that by greatly facilitating co-ordination, movements may 
become very much easier, and that thereby the cerebrum is relieved 
of some of its duties. Complicated movements become as a result 
much more automatic than would otherwise be possible. 
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Compensating Movement of the Eyes.,— Of considerable, 
interest and importance is the movement of the eyes, which takes 
place automatically when the head is moved, so that they may 
remain fixed on an object. It may be observed in an animal whose 
cerebrum has been removed. If the head is moved up, the eyes 
move down, and vice versa. These eye movements depend on 
impulses from the labyrinth and from the muscles. 

Similar movements' may be observed in man: for instance, 
in an indi^ddual who attempts to look at passing objects from a 
rapidly moving train. The eyes appear to jump from one object to 
another. It would seem that this is a mechanism whereby during 
movement objects are retained in the retina sufficiently long to be 
appreciated. By its use if we pass through a station in an express 
train we see only certain objects distinctly but the rest are a bhir. 
The jump is due to the cerebrum, but the lag behind which 
permits a series of objects to be focussed depends on cerebellar 
and brain-stem reflexes. The alternation of slow and fast movements 
of the eyes is known as nystagmus. A similar nystagmus, or 
difficulty in keeping the eyes fixed on an object held at the side of 
the head, is produced normally by heating or cooling the labyrinth, 
and is now a test for the efficiency of the latter in suspected disease. 
We have already remarked the interference with the normal position 
and movements of the eyes in cerebellar disease. 

The Afferent Pathways of the Cerebellum. 

The cerebellum receives impulses from the spinal cord by way 
of the direct spiho-cerebellar tract (Flechsig) which arises from 
the cells of Clarke’s column within the grey matter of the medial 
part of the base of the posterior horn. It does not degenerate if the 
posterior roots are cut. It lies in the dorso-lateral margin of the cord 
(see fig. 233) and passes to the cerebellum by the inferior peduncle. 

Arising from Clarke’s column also is the indirect or ventral 
spino-cerebellar tract of Cowers, which reaches the cerebellum by 
way of the superior peduncle, but some fibres go by the inferior 
peduncle. It will be observed that the cerebellar tracts do -not cross. 

The Effect of Injury to the Spinal Cord. 

The .study of paths makes it evident that a,n injury of, or a 
l;-jjjxLour pressing on, the spinal cord will affect its motor, sensory 
and reflex functions. On an accurate study of the changes brought 
about will depend the power of the surgeon to diagnose the exact 
position of the lesion and possibly to treat it. . It is convenient to 
consider the effects of partial and complete section of the spinal cord. 
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Complete transverse section of the spinal cord may produce 
immediate death if the operation is performed sufficiently high in 
the cervical region, for the paralysed muscles will then include 
those of respiration. The spinal cells from which the phrenic and 
other respii’atory nerves originate are then cut off from the respir- 




rio, 236 . — The above diagrams are reproductions of photo-micrographs from the spinal cord of a monkey, 
in which the operation of left hemisection liad been.performed some weeks previously (Jlott). The 
sections were stained by Veigert’s method, by wliich the grey matter Is bleached, while the healthy 
white matter remains dark blue. The degenerated tracts are also bleached. A is a section of the 
cord in the thoracic region below the lesion ; the crossed pyramidal tract is degenerated. B is a 
section lower down (in the lumbar enlargement) ; tlie degenerated pyramidal tract is now smaller. 
C is a section in the thoracic region some little distance above the lesion. Tlie degenerated tracts 
seen are in the outer part of Goll's column, and the direct cerebellar tract. I) is a section higher 
up in the cendcal region ; the degeneration in Goll’s column now occupies a median position ; the 
degenerations In the cerebellar tracts are also well shown. Kotlca that in all cases the main 
degenerated tracts are on the same side as the injury. 

atory centre in the bulb above them, and the animal will die of 
asphyxia. One sees the same tiling after severe injury to the upper 
cervical cord in man, as when he “ breaks liis neck.” 

If the injury is sufficiently low down and is not so abrupt that 
the patient or the animal does not die of shock, a series of typical 
changes are seen : — 

1. Loss of motion of the parts suppHed by the nerves below the 
section on both sides of the body. 
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2. Loss of sensation in the same regions. 

3. Hypersesthesia at the junction of the areas of normal and 
diminished or lost sensation. 

4. There is an initial period of spinal shock during which all 
reflexes are absent, and specially important is loss - of control of the 
urinary bladder which necessitates it being emptied by means of a 
catheter, a proceeding which is very liable to lead to fatal sepsis of 
the urinary tract. In man in about three weeks * there may he a 
considerable recovery of the reflexes, the typical flexor tone and " 
exaggerated spinal reflexes, i.e. flexor withdrawal, appear (see p. 584). 
Eeflex control of the bladder , may return although voluntary control 
is permanently lost. Defecation also takes place regularly. 

5. There 'is loss of sympathetic control of the blood-vessels and 
viscera, resulting in generalised vasodilatation and a fall of blood- 
pressure, but these become re-established later. In animals an 
exaggerated peristalsis may be seen. 

6. Degeneration, ascending and descending, on both sides of the 
cord. 

Hemisection. — If the operation performed is not _a complete 
cutting of the spinal cord transversely, hut a cutting across of half 
the cord, it is termed hemisection. This leads to : — 

1. Loss of voluntary control of the muscles of the same side 
below the level of the section. 

2. Loss of sensation below the divided segment, approximately as 
follows : (a) Loss of joint and muscle sense, of sense of vibration, and of 
tactile discrimination, on“the same side as the section ; (6) Loss of the 
senses of pain, heat, and cold on the side opposite to the section. The 
re^ason for this peculiar distribution of sensory loss is the presence 
of an inferior and a superior sensory decussation ; the former occurs 
within the cord as the decussation of the spino-thalamic fibres, the 
latter in the medulla as the decussation of the fiUet. 

In man these changes constitute the crossed paralyses of 
Brown-S6quard, who first described them. 

3. Unilateral vasodilatation below the lesion and hypereesfchesia 
. of the nearest healthy skin area above is also seen. 

4. The tendon reflexes are at first absent hut subsequently become 
exaggerated on the same side as the lesion as a result of the loss of 
the higher inhibition carried by the ruhrqspinal and pyramidal tracts. 

5. Degeneration, ascending and descending, largely confined to 
• the same side of the cord as the iujury. The most important of 

these are shown in the preceding diagrams (fig. 236), the small text 
beneath which should be carefully studied. 

* In cats the period of shock may be only a few minutes. 
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THE FUNCTIONS OP THE HYPOTHALAMIC REGION. 

Of recent years a great deal of attention has been directed 
towards the region of the brain which lies just below the thalamus 
and above the mid-brain and the region adjacent to the floor of the 
third ventricle, and evidence appears to be accumulating that this 
region plays an important part in the elemental reactions of the body. 

1. Sex . — It is suggested that the hypothalamus controls the 
action of the pituitary in regard to sex, hut the evidence on the 
point is not convincing. 

2. Emotion . — Particularly it is concerned with the reactions to 
emotion, which are only different from reflexes in that they are more 
complicated. 

It has also been observed by Bard that removal of the frontal 
cortex in section of the fronto-hypothalamic tracts results in a 
remarkable condition of rage being produced, e.g. snarling, clawing, 
lashing of the tail, erection of the hairs, a rise of blood pressure 
and heart-rate, and dilatation of the pupil such as might be produced 
by the injection of adrenaline. When the hypothalamus is removed 
these symptoms disappear. It is possible to place electrodes in the 
hypothalamus of an otherwise intact animal, and when the animal 
has recovered from the ancesthetic, to stimulate the region. This 
also produces the state of rage. 

The connections between the hypothalamus and the frontal lobe 
appear to be somehow concerned in the production of pathological 
mental depression in man, and patients suffering from this state 
cheer up when they are cut. Yery rarely a liabUit}^ to anger is 
observed after the operation. (M'Kissock.) 

Normally, like the postural reflexes, they are -more or less • 
inhibited by the mediation of higher centres, and it is easy to see 
how ansesthetics like alcohol may, by paralysing the higher control 
centres, lead to loss of control of these lower activities. The 
liability of a partly drunk man to lose such control is well 
recognised. 

3. Body Temperature . — ^There is no doubt also that the hypo- 
thalamus is concerned with the control of body temperature, which 
control is lost if this region is removed. The region specially ' 
concerned appears to be that of the tuber cinereum ; damage to it 
may result in high body temperature. As might be expected, there 
are secondary changes in metabolic rate, sweating, and in water 
loss from the body, 

4. Sleep . — This has -already been discussed (see p. 673). 

5. Diuresis . — Damage to the h3’'pothalamic region is associated 
clinically with diabetes insipidus, with emaciation, and with 
Frohlich’s syndrome (see Pituitar}’-). 



CH. LI.] THE FUNCTION OF THE BASAL GANGLIA 695 

6. liilGctrical stiniulatioD of the posterior and lateral nuclei 
produces syjiipathetic effects like cardiac acceleration and inhibition 
of the gut, while stimulation of the mid-line nuclei causes opposite 
effects. Some have supposed that this indicates that the hypo- 
thalamus has some special relation to the autonomic nervous 
system, but many of these effects can equally .well be produced by 
stimulation of the cerebral cortex (Fulton). 


THE FUNCTION OP THE BASAL GANGLIA. 

The difficulty of removing the basal ganglia such as the caudate or 
lenticular nuclei (see fig. 229), which are large masses of grey matter, 
has made it difficult to obtain' information regarding their function. 
Evidence has, however, accumulated to indicate that disease of the 
lenticular nucleus produces motor disturbance of the face resembling 
laughter, increased reflexes and muscle tone, and in the condition of 
paralysis agitans or Shaking palsy, which is characterised by great 
tremor of the hands or head, degeneration of the corpus striatum 
has been found post-mortem. It would seem, then, that the 
region of the basal ganglia probably controls some of the primitive 
movements. 

A study has been made, especially by Fulton and his co-workers, 
of the connections of the basal ganglia. The evidence is very 
complete that they receive fibres and presumably impulses from 
the area in front of the motor area, especially an' area (Brodmann’s 
Area 6) in front of the arm area, the structure of which is the 
same as that of the -motor area, but which has no Betz cells. From 
the basal ganglia fibres pass to the red nucleus and substantia 
nigra. Removal of the cortical area produces a typical spastic 
paralysis like a decerebrate rigidity. (Wilson.) 


A SUMMARY OP THE FUNCTIONS OF THE 
CENTRAL NERVOUS SYSTEM. 

We are now in a position to get a complete picture of the. 
functions of the nervous system as a whole. As we have said, 

' throughout the animal kingdom it exists for the purpose of regulating 
the internal mechanism of the body and for adapting the activities 
of the body as a whole to its .environment. As we ascend the 
zoological scale the animals become increasingly capable of adapting 
themselves to different kinds of environment, and this very largely 
because ^f their greater capability of locomotion, which in a sense 
may be considered the index of evolution, and it will be seen that 
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the nervous system is developed largely according to locomotory 
requirements. 

A simple animal, such as a jelly-fish, which does not move 
much from place to place, has a nervous system capable only of 
protecting itself. It has a nerve net in which the essential elements 
of a simple reflex arc are found — that is, afferent fibres, central cells 
and efferent fibres. 

Slightly higher animals, e.g. worms, which move hut slightly 
more, have a central chain of ganglia; each ganglion looks after a 
segment, but there is co-operation between the ganglia for the 
protection of the whole. This is the basal function of the spinal 
cord and brain-stem of mammals. 

As the animal becomes still more mobile it requires some 
arrangement for a greater supply of- oxygen and fuel and there are 
developed the medulla and pons in wMch are situated the centres’ 
concerned with the control of the respiration and circulation. In 
addition, the facility of digestion is increased by the vagal activity 
controlling swallowing and secretion and alimentary movements. 
With this increased facility is necessitated a power of vomiting for 
protection against noxious substances swallowed. 

With still greater mobility conferred by the acquisition of legs 
are developed the postural reflexes controlled from the upper part 
of the medulla to the mid-brain and greater co-ordination is 
provided by the development of the cerebellum in close association. 
In animals which move in three planes this organ is most pronounced. 

Higher still in the hypothalamus we find centres which confer 
adaptation to variabilities of temperature and all the advantages 
of rapid chemical action which the warm-blooded animal possesses. 
This region may indeed be considered the head-region of the 
primitive system which has for its function the preservation of 
the individual and his species in so far that emdence is increasing 
that reproduction also is controlled from this region and the 
associated pituitary body which also controls growth. Here appear 
to he located the more violent reactions to environment. 

Finally, we have the cerebrum wliich relates past to present 
experience and which permits of calculated adaptation to stiU 
more complicated environments and supplying by means of modern 
mechanical transport and communication still greater mobility of 
body and of thought. 

Fig. 185 on p. 575 of the brains of different animals may now 
be restudied, and it will be seen how their structiire is related to 
function. 

As regards slower reactions the ductless glands furnish still 
further adaptations, the pituitary body, those of the species, that 
is, growth and’ reproduction, and the latter is the needs of the 
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species'.not of the individual; the thyroid, those of the day, that 
is metabolic control; and the adrenals, those of the minute, the 
adaptation necessary for movements. 

Thus we find as we ascend that the influence of the individual 
on the environment becomes increasingly greater. At one end 
of the scale there is the creature which dies when there is any 
appreciable environmental change; at the other, man, who, while 
capable of greater adaptation than the lower animals, is at the 
- same time beyond them in being the creator and master of a 
large amount of his environment. (Eanson, 1937.) 
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THE NUTRITION OF THE CENTRAL NERVOUS SYSTEM 

The local peculiarities of the circulation through the brain have 
already been described. Ifowhere else in the body is the maintenance 
of an adequate blood-supply more important than ‘in the central 
nervous system. Deprivation of the arterial blood-supply leads to 
irrecoverable- death of the cortical nerve-cells in eight minutes; 
the cells of the spinal cord are somewhat more resistant (forty-five 
to sixty minutes); temporary interference with blood-supply to 
the cortex causes fainting, whilst angemia of the bulb is soon 
fatal. The stage of depression or coma caused by anoxaemia 
(due to asphyxia or cerebral anaemia) is frequently preceded by a 
stage of excitation evidenced by convulsions. If the circulation is 
restored in time recovery of function occurs in the following order : 
(1) respiratory reflexes; (2) spinal reflexes; (3) cerebral function. 
For normal nervous activity to be maintained the blood must also 
have the correct chemical composition ; for example, if the percentage 
of sugar falls below 0-04 per cent., coma ensues, preceded in animals 
by convulsions (see Hypoglycaemia, p. 477). A rise in intracranial 
pressure, by stimulating the vasomotor centre, evokes a marked 
rise of arterial blood-pressure. Since a raised intracranial pressure, 
due to a foreign body such as blood-clot, implies a corresponding 
diminution in the amount of blood in the cranial chamber, it is 
apparent that the rise in arterial pressure is in a sense protective, 
as it causes an increased blood-flow through the brain. The brain 
so adapts the circulation that it secures for itself the optimal blood- 
supply. In disease, however, the mechanism may no longer act 
beneficially ; thus in the case of cerebral haemorrhage the rise' in the 
blood-pressure tends to cause greater bleeding. 


The Cerebrospinal Fluid. 

Whilst the exact role which the cerebrospinal fluid plays 'in 
connection with the nutrition of the nerve-tissue is uncertain, it is 
conveniently discussed here. 

The cerebrospinal fluid is a watery fluid (specific gravity about 
1005) which is found in the ventricles of the brain and in the 
cerebrospinal subarachnoid spaces. The fluid is formed by the 
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choroid plexuses which project into the ventricles ; it escapes into 
the subarachnoid space through the foramina in the roof of the 
fourth ventricle (foramen of Magendie and foramina .of Luschka). 
A choroid 'plexus is a muchrfolded process of the pia mater, rich in 
blood-vessels; the ventricular aspect of 'the tufts is covered by 
ependyma modified to form a glandular epithelium, i.e., the cells are 
not ciliated, are cuhpidal, and often contain vacuoles. The proof that 
the plexus forms the fluid is threefold: (1) there are histological 
changes (swelling of the cells, etc.) after excessive formation of 
cerebrospinal fluid (2) when the exit from a ventricle, e.g. the 
foramen of Monro, is blocked, the ventricle distends ; if previously 
the choroid plexus of the ventricle is removed no distension occurs 
(Dandy and Blackfan); and (3) fluid has been seen exuding from the 
surface of an exposed plexus. 

The total quantity of the cerebrospinal fluid in man is perhaps 
about T50 c.c. Normally it is being slowly formed and absorbed. 
The chief absorption occurs after the fluid has left the ventricles, i.e. 
while it is in the subarachnoid space, and takes place mainly into 
the blood-stream. A smaller fraction is absorbed into the perineural 
lymphatics of the cranial and spinal nerves. The exact path of 
absorption into the blood-vessels is, according to W.eed, through the 
arachnoidal villi which project as blind processes of the arachnoid 
into the sinuses of the dura mater, especially the superior longi- 
tudinal. In later life the arachnoidal villi hypertrophy to form the 
Pacchionian bodies. 

The cerebrospinal fluid exerts a certain pressure, about 120 mm. 
of water, so that when a cannula is inserted into the cisterna magna 
through the occipito-atlantal ligament or into the lumbar sac the 
fluid escapes freely at first, afterwards more slowly, till finally the 
flow practically'i3eases. 

The fluid contains the crystalloid constituents of the blood- 
plasma; the chlorides are normally about 0’74 per cent. G-lucose 
(0‘09 per cent.), urea and creatinine are present in small amounts, 
together with a trace of protein (0-02 per cent.). The gases resemble 
those of lymph, but the proportion of carbon dioxide which is “ flxed,” 
i.e., which cannot be removed by ebullition in vacuo without addition 
of acid, is greater than in lymph, which contains more protein. 

The fluid obtained by cistern, or lumbar, puncture is said to be 
slightly richer in protein than that which fills the ventricles ; for 
this and other reasons it is generally believed that there is added to 
the subarachnoid fluid a certain amount of fluid coming from the 
tissue of the brain and spinal cord via the perivascular spaces. The 
latter are inward prolongations of the subarachnoid space along the 
vessels which enter the brain at right angles, and communicate with 
the perineuronal spaces around the nerve-cells. 
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In health the cerebrospinal fluid contains but few cells (lympho- 
cytes) ; the normal maximum rarely exceeds 6 per cubic millimetre. 
In meningitis the number of cells is enormously increased. The few 
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Fig. 237.— Diagram showing by means of arrows tho origin and destination of the cerohrospinal fluid. 
The diagram is really of a medial section of the brain except that one lateral ventricle is shown. 


cells normally present are supposed to be derived from the meningeal 
vessels. 

The functions of this remarkable fluid are not by any means 
settled. It obviously affords mechanical protection to tlie central 
nervous system, and apparently receives such waste products from 
the central nervous system as are not absorbed b)’’ the blood-stream. 
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Moreover, the fluid can to a limited extent be displaced {i.e. absorbed) 
into the venous sinuses so as to accommodate an increased amount 
of blood in the cranial chamber. 

Weed and M'Kibben showed that the intracranial pressure can 
be profoundly influenced by alterations in the osmotic pressure of 
the blood ; the injection of hypotonic saline into a vein raises, while 
the administration of hypertonic saline lowers the pressure. The 
• intravenous administration of hypertonic saline is frequently used 
therapeutically to lower excessive intracranial pressure. 

The fluid can he regarded as an ideal Einger-Locke solution in 
close relationship with the nerve-tissue. Dixon and Halliburton 
found that injection of extract of brain or choroid plexus into a 
vein, or inhalation of carbon dioxide, caused an increased flow of 
cerebrospinal fluid ; they suggested that the amount of fluid formed 
was perhaps controlled by the quantity of waste products produced 
by the brain. Pilocarpine is said to increase the formation of 
cerebrospinal fluid. 

Substances introduced into the fluid readily pass into the blood ; 
but the converse does not hold, for the choroid plexus permits the 
passage of certain substances only; It is noteworthy that alcohol 
readily enters the cerebrospinal fluid from the blood. (Weed, 1922 
and 1933; Flexnor, 1934.) 
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SPEECH AHD VOICE 
Speech 

The discovery of a part of the cerebral cortex which was specially 
associated with speech was one of the first steps towards cerebral 
localisation. The French physician Broca came to the conclusion 
that patients who died from cerebral embolism and who had, 
pre\dons to death, lost the power of speech, had commonly 
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Fio. 238. — Lateral view of the left cerebral hemisphere of man (after Donaldson). V is the cortical area, 
damage to which produces “ word blindness ” ; it is situated in the an^lar gyrus, and is called the 
visual word centre. H is the area in the superior temporal convolution, called the auditory word 
centre, damage to which produces “word deatoess.” S is Broca’s convolution, damage to which 
produces loss of audible speech (motor aphasia^ just behind is the motor area for the movements 
of the tongue, vocal cords, etc., concerned in speaking; Bastian termed it the glosso-kinwsthetic area. 
The area W, called by Bastian the cheiro-kina^thetic area, is the corresponding region concerned in 
hand movements, damage to which abolishes the power of writing (agraphia). 


damage in the region of the pars triangularis of the inferior 
frontal convolution. The most curious fact about this so-called 
speech centre is that it is situated only on the left side of the brain 
in right-handed persons. 

Subsequently, Marie and Moutier pointed out that loss of . 
speech may occur with lesions of other parts of the brain and that 
the loss may be confined to certain parts of speech; thus, the 
individual may be unable to read aloud, to write to dictation and 
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the like, without any other part of speech being seriously affected 
Few will go so far as to suggest, as did Marie, that Broca's area has 
not a special relation to speech j indeed, there is overwhelming 
evidence that it has. Head went to the other extreme, and 'has 
almost denied that it is possible to differentiate aphasia, i.e. loss 
of speech, into isolated affections of speaking, writing, etc., due to 
destruction of visual, auditory, or motor areas. 

The Formation of Speech.— Probably all these views may 
be reconciled when we consider how speech is evolved in the 
individual. Speech in its wide sense may be considered the mode 
of interchange of ideas between oneself and one’s fellow-creatures. 
It may be looked upon as depending .upon three distinct 
mechanisms. 

(1) A Receptor Mechanism which may involve any sensation, 
although normally hearing and seeing are utihsed. In close relation- 
ship to the cortical centre for these sensations are the association 
areas, in which memories of sensation appear to be stored. Thus, 
in, the second and third temporal convolutions are stored^the names 
of objects and these are lost if this region becomes the seat of disease, 
e.g. abscess secondary to inflammation of the middle ear. 

(2) Association Mechanism. — Our knowledge of this mechanism 
is, as yet, quite crude, and we cannot relate its facts in any detail 
to anatomical areas, but from a study of disease a large amount 
of interesting material has been collected. 

There is general agreement, however, that in right-handed 
persons the area concerned is on the left side of the brain, within a 
well-defined cortical region extending from the lower and posterior 
'part of the frontal lobe, by the island of Keil, to the temporal and 
lower parietal and occipital region (Kinnier Wilson). Of this region, 
it is clear that the anterior part is concerned with expression, and 
the posterior part, or area of Wernicke, with reception. 

To each sensation is attached a certain significance according to 
the circumstance in which it is experienced. If an idea has to be 
communicated, or a reply made, the impulse passes to that part 
of the association mechanism concerned with expression, where the 
proper means of expression is determined. Broca’s area' (as its, 
histological structure suggests) may be considered an • association 
area in close relation to the vocal effector mechanism. 

(3) An Effector Mechanism. — ^The message is then conveyed to 
the appropriate. part of the motor .cortex concerned with the vocal 
organs, but it may be, according to circumstances, the area for hand 
movements or any other part. A nod of the head, or placing a finger 
to the mouth, may be even more significant than a spoken word. It 
is, then, fairly easy to understand why it is that certain parts of 
the general speech mechanisms may become impaired, leaving other 
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parts normal. Head does not consider that an aphasic individual is, 
ever quite normal mentally, nor, indeed, can this he expected, unless 
the disease is limited to a small area of the motor cortex. When we 
learn to speak, we learn to tliink and to form ideas by a similar 
mechanism, and we know how impaired the general mentality of 
a deaf person may he, simply because he has not. the normal facility 
of communicating with his fellows. 

The effect of any given lesion on mentality will then depend on 
how the individual has acquired his knowledge. If, for example, 
there is a lesion of the association fibres connectmg the visual 
association area to the motor area for the vocal organs, not only will 
the indi^ddual be word-bUnd, i.e. unable to read aloud, but probably 
other associations and ideas, which depend on knowledge acquired by 
reading, will be affected, although he may reply quite well to verbal 
questions, and Icnowledge acquired by hearing may be unaffected. 
(Wilson and Head.) 


Voice Production. 

The fundamental tones of the voice are produced by the current 
of expired air causing the vibration of the vocal . cords, two bands 


Base of 
Epiglottis 



Fio. 239.— A vertical section tlirough tlie larj-ns. It emphasises the fact that the vocal cords 
a^re not in rwlity cords hut the apices of sharp folds. Note the valvular appearance of 
the laryngMl folds. The vocal cords prevent the entry of air into the chest, the ventricular 
bands hinder the exit of air. (V. E. Xegus.) 

contained in a cartilaginous box placed at the top of the windpipe 
or trachea. This box is called the laryno:. The sounds produced 
here are modified by other parts sucli as the tongue, teeth, and lips, 
as will be explained later on. 
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For a detailed description of the larynx, reference should be 
made to a text-hook of Anatomy. It is composed of the thyroid 
cartilage, the prominence in front of which constitutes Adam’s 
apple, tlie cricoid cartilage and the two arytenoids, together with 
several minor cartilages. These are all held together and to the 
neighbouring structures by fibrous tissue and muscle. 

Mucous Membrane.— The larynx is lined with a mucous membrane 
continuous with that of the trachea; this is covered with ciliated epithelium 
except over the vocal cords and epiglottis, where it is stratified. The vocal cords 
are bands of elastic tissue in this mucous membrane which run from before back. 
They are continuous below -ivith the conus elasticus, and are attached as stated 
above. The chink between them is called the nma glottidis (see fig. 240). Two 
ridges of mucous membrane above and parallel to 
these are called the false vocal cords ; between the 
true and false vocal cord on each side is a recess 
called the ventricle. 

The laryngoscope is an instrument employed in 
investigating during life the condition of the pharynx, 
larynx, and trachea. It consists of a large concave 
mirror with perforated centre, and of a smaller mirror 
fixed in a long handle. The patient is placed in a 
chair, a good electric light is arranged on one side 
of, and a little above, his head. The operator fixes 
the large mirror to his head in such a manner that he 
looks through the central aperture ■with one eye. He 
then seats himself opposite the patient, and so alters 
the position of the mirror, which is for this purpose 
provided -with a ball-and-socket joint, that a beam of 
light is reflected on the lips of the patient. 

The patient is now directed to throw his head 
slightly backwards, and to open his mouth; the 
reflection from the mirror lights up the cavity of the 
mouth, and by a little alteration of the distance 
between the operator and the patient the point at 
which the greatest amount of light is reflected by 
the mirror — in other words, its focal length— is readily 
discovered. The small mirror fixed in the handle is 
then warmed, either by holding it over the lamp, or 
by putting it into a vessel of warm water; this is 
necessary to prevent the condensation of breath upon 
its surface. The degree of heat is regulated by 
applying the back of the mirror to the hand or cheek, 
when it should feel warm •without being painful. • 

After these preliminaries the patient is directed to put out his tongue, which is 
held by the left hand gently but firmly against the lower teeth by means of a 
handkerchief. The warm mirror is passed to the back of the mouth, until it reste 
upon and slightly raises the base of the u'vula, and at the same time the light is 
directed mjon it ; an inverted image of the larynx and trachea will be seen in the 
mirror. If the dorsum of the tongue is alone seen, the han^e of the mirror must 
be slightly lowered until the larynx comes into 'view ; care shoidd be taken, how- 
ever, not to move the mirror upon the u'vula, as it excites retching. The observa- 
tion should not be prolonged, but should rather be repeated at short intervals. 

The structures seen ■will vary, according to the condition of the parts, during 
inspiration, expiration, phonation, etc. ; they are (fig. 241) first, and apparently 
at the posterior part, the base of the tongue, immediately below which is the arcuj^e 
outline of the epiglottis, 'with its cushion or tutercle. Then are seen m the 
central line the true vocal cords, white and shining in their normal condition. 
The cords approximate (in the inverted image) posteriorly ; between them is 
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Fio. 240. — Diagram to iUustrata 
the method of observing the 
larynx. The illumination may 
be from a forehead lamp or a 
lamp in the handle of the 
mirror. L, larynx ; T, tongue ; 
HP, hard palate; SP, soft 
palate.- The arrows indicate a 
reflected beam of light from the 
larynx. 
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left a chink, narrow whilst a high note is being sung, wide dunng a deep 
inspiration. On each side of the true vocal cords, and on a higher level, are 
the pink false vocal cords. Still more externally than the false vocal cords 
is the aryteno-epiplottidean fold, in which are situated on each side two small 
elevations; of these the most external is the cartilage of Wrisherg, the inner 
is the cartilage of Santorini. The rings of the trachea, and even the bifurcation of 
the trachea itself, if the patient be directed to draw a deep breath, may be seen in 
the interval between the true vocal cords. 



Flo. 241. — Three laryngoscopic views of the superior aperture of the larynx and surrounding parts. 
A, the ^ottis during the emission of a high note in singing; B, in easy and quiet inhalation of 
air; C, in the state of widest possible dilatation, as in inhaling a verj’ deep breath. The diagrams 
A', B', C', show in horizontal sections of the glottis the position of the vocal cords and aryte- 
noid cartilages in the three several states represented in the other figures. In all the figures so far 
as marked, the letters indicate the parts as follows, viz. : I, the base of the tongue ; e, the upper 
free part of the epiglottis ; e', the tubercle of the epiglottis ; pA, part of the anterior wall of the 
pharynx behind the larynx ; in the margm of the arytcno-opiglottidcan fold, tr, the swelling of the 
membrane caused by the cartilages of Wrisberg; s, that of the cartilages of Santorini ; a, the tip or 
summit of the arytenoid cartilages ; c v, the true vocal cords or lips of the rima glottidis ; cvs, the 
superior or false vocal cords ; between them the ventricle of the larynx ; in C, tr is placed on the 
anterior wall of the receding trachea, and b Indicates the commencement of the two bronchi beyond 
the bifurcation which may be brought into viow in this state of extreme dilatation. (Qnain, after 
Czermak.) 


Movements of the Vocal Cords, 

In Respiration . — ^The position of the vocal cords in ordinary 
tranquil breathing is so adapted hy the muscles, that the opening 
of the glottis is wide and triangular (fig. 241, b). The glottis 
may remain unaltered during ordinary quiet breathing, though in 
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some people it becomes a little wider at each inspiration, and a little- 
narrower at each expiration. In the cadaveric position the glottis 
has about half the width it has during ordinary breathing; during 
life, therefore, except during vocahsation, the abductors of the vocal 
cords (posterior crico-arytenoids) are in constant action. (F. Semon.) 
On making a rapid and deep inspiration the opening is widely dilated 
(fig. 241, c) and somew'hat lozenge-shaped. 

^ In Vocalisation . — ^At the moment of the emission of a note the 
chink is narrowed, the margins of the arytenoid cartilages being 
•brought into contact, and the edges of the vocal cords approximated 
and made parallel (fig. 241, a); at the same time their elasticity 
is regulated by contraction of the thyro-arytenoid muscles. As the 
pitch of the note increases it is probable that the degree of contraction 
— and with it the elasticity — of the 
thyro-arytenoid muscles becomes greater, 
and the range of a voice depends, in the 
main, on the extent to which the degree 
of elasticity of the vocal cords can be 
thus altered. In the production of a 
high note the vocal cords are brought 
well within sight. In the utterance 
of low-pitched tones, on the other hand, 
the epiglottis appears to be brought over 
them, and the arytenoid cartilages look 
as if they were trying to hide themselves 
under it (fig. 242). 

The approximation of the vocal cords .also usually corresponds 
with the height of the note produced; but the width of the 
aperture has no influence on the pitch of, the note, as long 
as the vocal cords have the same tension ; only with a wide 
aperture the tone is more difficult to produce and is less perfect, 
the rushing of the air through the aperture being heard at the 
same time. 

Ho true vocal sound is produced at the posterior part of the 
aperture of the glottis, namely, that which is formed by the space 
between the arytenoid cartilages (pars intercartilaginea). 





Fio. 242 ^View of the upper part of the 

larynx as seen by means of the laryngo- 
scope during the utterance of a bass 
note, e, Epiglottis ; s, tubercles of the 
cartilages of Wrisberg ; a, cartilages 
of Santorini; z, base of the tongue; 
ph, the posterior wall of the pharynx. 

' (Czermak.) 


The Voice. 

The human musical instrument is often compared to a reed 
organ-pipe : certainly the notes produced by such pipes in the vo^ 
humana stop of organs is very like the 'human voice. Here there is 
hot only the vibration of a column of air, but also of a reed, which 
corresponds to the vocal cords in the air-chamber composed of the 
trachea and the bronchial system beneath it. The pharynx, mouth, 
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and nasal cavities above the glottis are resonating cavities, which, by 
alterations in their shape and size, are able to pick out and emphasise 
certain component parts of the sounds produced in the larjmx. The 
natural voice is often called the chest voice. The falsetto voice is 
differently explained by different observers ; on laryngoscopic 
examination, the glottis is found to be blown open ; it is probable 
that only the inner fibres of the thyro-arytenoid muscle axe in 
contraction. 

Musical sounds differ from one another in three ways : — 

1. In ‘pitch. — This depends on the rate of vibration; and in 
a string, the pitch increases with the tension, and diminishes with 
the length of the string. The vocal cords of a woman are shorter 
than those of a man, hence the higher pitched voice of women. The 
average length of the female cord is 11 '5 millimetres; this can be 
stretched to 14; the male cord averages 15‘5, and can be stretched 
to 19 '5 millimetres. 

2. In loudness. — ^This depends on the amplitude of the vibrations, 
and is increased by the force of the expiratory blast which sets the 
cords in motion. 

3. In “timbre.” — This is the difference of character which dis- 
tinguishes one voice, or one musical instrument, from another. It 
is due to admixture of the primary vibrations . with secondary vibra- 
tions or- overtones. The range of the voice is seldom, except in 
celebrated singers, more than two-and-a-half octaves, and for different 
voices this is in different parts of the musical scale. 

Eecoxds may now be taken of the voice with accuracy as in the 
making of gramophone records, but the magnification required is 
such that they do not lend themselves readily to reproduction here. 

Vocal Speech, 

Speech is due to the modification produced in the fundamental 
laryngeal notes, by the resonating cavities above the vocal cords. 
By modifying the size and shape of the pharynx, mouth, and nose, 
certain overtones or harmonics are picked out and exaggerated : this 
gives us the vowel sounds ; the consonants are produced by inter- 
ruptions, more or less complete, of the outflowing air in different 
situations. When the larynx is passive, and the resonating cavities 
alone come into play, we get whispering. 

The pitch of the Vowels has been estimated musically; u has the lowest pitch, 
then o, a (as in father), (a as in cane), i, and e. "SVe may give a few examples of 
the shape of the resonating cavities in pronouncing vowel sounds, and producing 
their characteristic timbre : when sounding a (in father) the mouth has the shape of 
a funnel wide in front ; the tongue lies on the floor of the mouth ; the lips are wide 
^pen ; the soft palate is moderately and the larynx slightly raised. 

In pronouncing u (oo), the cavity of the mouth is shaped like a capacious flask 
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with a short narrow neck. The whole resonating cavity is then longest, the lips 
being protruded as far as possible ; the larynx is depressed and the root of the 
tongue approaches the fauces. 

In pronouncing o, the neck of the flask is shorter and wider, the lips being 
nearer the teeth ; the larynx is slightly higher than in sounding oo. 

In pronouncing e, the flask is a small one with a long narrow neck. The 
resonating chamber is then shortest as the larynx is raised as much as possible, 
and the mouth is bounded by the teeth, the lips being retracted ; the approach of 
the tongue near the hard palate makes the long neck of the flask. 

The Consonants are produced by a more or less complete closure of certain 
doors on the course of the outgoing blast. If the closure is complete, and the blast 
suddenly opens the door, the result is an explosive ; if the door is partly closed, and 
the air rushes with a hiss through it, the result is an aspirate ; if the door is nearly 
closed and its margins are thrown into vibration, the result is a vihrative ; if the 
mouth is closed, and the sound has to find its way out through the nose, the result 
is a resonant. 

These doors are four in number ; Brucke called them the articulation positions. 
They are — 

1. Between the lips. 

2. Between the tongue and hard palate. 

3. Between the tongue and soft palate. 

4. Between the vocal cords. 

The following table classifies the principal consonants 'according to this 


Ian ; — 

Articulation 

position. 

Explosives. 

Aspirates. 

Vibratives. 

Kesonants. 

1 

B, P. 

F, V, W. 


M. 

2 

T, D. 

S, Z, L, Sch, Th. 

R. 

N. 

3 

K, G. 

J, Ch. 

Palatal R. 

Ng. 

4 


H. 

R of lower Saxon 

... 


The introduction of the phonograph has furnished us with an instrument which 
it is hoped in the future will enable us to state more accurately than has hitherto 
been possible the meaning of the changes in nature and intensity of the complex 
vibrations which constitute speech. (Fletcher, 1929 ; Currj% 1939.) 
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TASTE AKD SMELL 

Taste 

The crude anatomy of the tongue may be conveniently studied by 
means of a mirror in which the larger papilla may be seen at the 
back of the organ. 

The tongue is a muscular organ covered by mucous membrane. 
This membrane resembles other mucous membranes in essential 
points, but contains papillce peculiar to itself. The tongue is also 
beset with mucous glands and lymphoid nodules. 

The ]mgVL'aX papillce are thickly set over the anterior two-thirds 
of its upper surface, or dorsum, and give to it its characteristic 
roughness. Three principal varieties may be distinguished, namely, 
the (1) circummllate, the (2) fungiform, and the (3) conical and 
filiform papillge. They are all formed by a projection of the 
corium of the mucous membrane, covered by stratified epithelium ; 
they contain special branches of blood-vessels and nerves. The 
corium in each kind is studded by microscopic papillre. 

(1) Gircumvallate. — These large papillre, eight or ten in number, 
are situate in a V-shaped line at the base of the tongue. They are 
circular elevations, from -^th to V-th of an inch wide (1 to 2 mm.), 
each with a slight central depression, and surrounded by a circular 
moat, at the outside of wliich again is a slightly elevated ring or 
rampart ; their walls contain taste-buds. Into the moat that 
surrounds the central tower a few little glands (glands of JEhncr) 
open. These glands form a thin, watery secretion. 

- (2) Fungiform. — ^The smaller fungiform papillre are scattered 
chiefly over the sides and tip, and sparingly over the middle of the 
dorsum, of the tongue ; their name is derived from their being shaped 
like a puff-ball fungus. 

(3) Conical and Filiform. — ^These, which are the most abundant 
papillae, are scattered over the whole upper surface of the tongue, 
but especially over the middle of the dorsum. They vary in shape, 
some being conical (simple or compound) and others filiform ; they 
are covered by a thick layer of epithelium, wliich is either arranged 
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over them, in an imbricated manner, or is prolonged from their 
surface in the form of fine stiff projections in man. In carnivora 
they are developed into horny spines. These papillse have a 
mechanical and tactile function, rather than one of taste; the latter 
sense is seated especially in the other two varieties 'of papill®, the 
circumvallate and the fungiform. 

In the circumvallate papillae of the tongue of man peculiar 
structures known as taste-luds are found. They are of an oval 
shape, and consist of a number of closely packed, very narrow 
and fusiform, cells {gustatory cells'). This central core of gustatory 
cells is enclosed in a single layer of broader fusiform cells {encasing 
cells'). The gustatory cells terminate in fine stifi' spikes which 
project on the free surface. 

Taste - buds are also scattered over the posterior third of the 
tongue, the palate and the pharynx, as low as the posterior (laryngeal) 
surface of the epiglottis. The gustatory cells in the interior of the 
taste-buds are surrounded by arborisations of nerve-fibres. 

The arrangement of papillas, taste-buds, etc., varies a good deal in different 
animals. The papilla foliata of the rabbit’s tongue consists of a number of closely 
packed papUlas very similar to the circumvallate papiUse of man; this forms a 
convenient source for the histological demonstration of taste-buds. 

The middle -of the dorsum of the tongue is but feebly endowed 
with the sense of taste; the tip and margins, and especially the 
posterior third of the dorsum {i.e., in the region of the taste-buds), 
possess this faculty. The anterior part of the tongue is supphed 
by the chorda tympani, which runs with the Ungual branch of the 
fifth nerve and the posterior third by the glosso-pharyngeal nerve. 
The lingual nerve is the nerve of general sensation of the tongue. 
The taste fibres from the anterior two-thirds of the tongue run 
in the lingual branch of the fifth nerve, leave it to enter the chorda 
tympani, and join the facial (seventh nerve). Their cells of origin 
lie in the geniculate ganghon of the facial. The central axons go 
in the pars intermedia to end in the upper end of the nucleus 
solitarius. The taste fibres from the posterior third of the tongue 
pass in the glosso-pharyngeal nerve; their parent cells are in the 
' petrous ganglion and their central axons constitute the main part of 
the fasciculus solitarius. The taste nuclei in the brain stem are 
interconnected, and relay fibres eventually reach the cerebrum in 
the region of the uncus. 

Tastes may be classified into — 

1. Sweet. 2. Bitter. 

3. Acid or Sour. 4. Salt. 

Whether alkaline and metallic tastes are eleriientary is as yet 
' undecided. All the above affect to a varying extent the nerves of 
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tactile sense as well as those of touch proper, sweet having the least, 
acids the most marked action upon the latter. Sweet tastes are best 
appreciated bj the tip, acid at the side, and bitter tastes at the 
back of the tongue. 

The substance to be tasted must be dissolved; here there is a 
striking contrast to the sense of smell; flavom’S are really odours. 
In testing the sense of taste in a patient, the tongue should be 
protruded, and drops of the substance to be tasted applied with 
a camel’s hair brush to the different parts; the suiyect of the 
experiment must sigmfy his sensations by signs, for if he with- 
draws the tongue to speak, the material gets widely spread. Thr 
more concentrated the solution, and the larger the surface acted or 
the more intense is the taste; some tastes are perceived more 
rapidly than others, saline tastes the most rapidly of all. The best 
temperature of the substance to be tasted is from 10° to 35° C. 
Very high or very low temperatures deaden the sense. 

Individual papillffi, when thus treated with various solutions, show 
great diversity : from some only one or two tastes can be evoked, from 
others all four. The papillee may also be stimulated electrically. 

Cocaine and gymnemic acid, prepared from the leaves of the 
plant Grymnema Sylvestre, act deleteriously, chiefly on the bitter 
and sweet tastes ; cocaine abolishes especially the bitter, g}Tnnemic 
acid especially the sweet, leaving the salt and -acid tastes almost 
untouched. 

It will thus be seen that there are many facts pointing to the 
conclusion that the varieties of gustatory, like those of cutaneous 
sensation, are due to the stimulation of different end-organs. 

When diluted sweet and salt solutions are simultaneously 
applied to the tongue, they tend to neuti-alise one another, but 
a true indifferent point is difficult or impossible to reach. Sweet 
and bitter, sweet and. acid liquids are antagonistic to a similar but 
less perfect extent. Contrast-effects of one taste upon another are 
matters of common observation, but can be experimentally investigated 
only with difficulty. 

Smell. 

The entrance to the nasal cavity is lined with a mucous 
membrane closely resembling the skin. The greater part of the 
rest of the cavity is lined with ciliated epithelium ; the corium is 
thick and contains numerous mucous glands. The olfactory region 
in man is limited to a portion of the membrane covering the upper 
turbinal bone, and the adjacent portion of the nasal septum ; it is 
only 245 square millimetres in area. The cells in the epithelium 
here are of several kinds: — first, columnar cells not ciliated (fig. 
243a), with the broad end at the surface, and below tapering into 
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an irregular branched process or processes, the terminations of \ 7 hich 
pass into the next layer ; the second kind of cell (fig. 243) consists 
of a small cell body with large spherical nucleus, situated between 
the .ends of the first kind of cell, and sending upwards a process to 
the surface between the cells of the first kind, and from the other 
pole of the nucleus a process towards the corium. The latter process 
is very delicate, and may be varicose. The upper process is prolonged 
bej’-ond the surface, where it becomes stiff, and in some animals, 
such as the frog, is provided with hairs. These cells, which are 
called olfactorial cells, are numerous, and the nuclei of the ceUs not 
being on the same level, a comparatively thick nuclear layer is the 



Fio. U43. — Nervous mechanism of the olfactory apparatus. A, bipolar cells of the olfactory apparatus 
fMax Schultze’s olfactorial cellsb. B, olfactory elomerali; C, mitral cells', D, granule of white 
ayer; B, external root of the olfactory tract; F, gray matter of the sphenoidal region of the 
cortex ; a, small cell of the mitral layer ; ft, basket of a glomerulus ; c, spiny bashet of a granule ; 
t, collateral of the axis-cylinder process of a mitral cell ; /, collaterals terminating in the outer 
fibre layer of the olfactory cortex (archipallium); g, superficial triangular cells of the cortex; 
h, supporting epithelium cells of the olfactory mucous membrane. (Ramon y Cajal.) 


result. They are in reality bipolar nerve-cells. In the corium are a 
number of serous glands called Bowman’s glands. They open upon 
the surface by fine ducts passing up between the epithehum cells. 

The distribution of the olfactory nerves which penetrate the 
cribriform plate of the ethmoid bone and pass from this region to 
the olfactory bulb is shown in fig. 243. The nerve-fibres are the 
central axons of the bipolar nerve-cells we have termed olfactorial ; 
the columnar cells between these act as supports to them. 

The olfactory hulb has a more complicated structure ; above there 
is first a continuation of the olfactory tract (white fibres enclosing 
neuroglia); below this four layers are distinguishable; they are 
shown in the accompanying diagram from Eamdn y Cajal’s work, the 
histological method used being G-olgi’s. 




Y14 TASTE Am) SMELL [CH, HV. 

(1) A layer of white fibres containing numerous small cells, or 
“granules” (d). 

(2) A layer of large nerve-cells called , “ mitral cells ” (c), with 
smaller cells (a) mixed with them. The axons of the mitral .cells' 
pass up into the layer above and eventually become fibres of the 
olfactory tract E, which passes to the grey matter of the base of the 
brain r. They give off numerous collaterals on the way (e,f). 

(3) The layer of olfactory glomeruli (b). Each glomerulus is a 
basket-work of fibrils derived on the one hand from the terminal 
arborisations of the mitral cells, and on the other.Jrom sinulaT 
arborisations of the non-medullated fibres which form the next 
layer. 

(4) ll%e layer of olfactory nerve-fihres. — These are non-medullated ; 
they continue upwards the 'bipolar olfactory cells, which are placed 
among the epithelial cells of, the mucous membrane. 

The fibres from the olfactorj’- mucous membrane pass through the 
cribriform plate at the base of the skuU to end round cells in the 
olfactory bulb, which in animals which depend on smell is very 
well developed. A new relay arises here constituting the olfactory 
tract. 

The olfactory tract is an outgrowth of the brain, which is 
originally hollow, and remains so in many animals; in man the 
ca^dty is obliterated, and the centre is occupied by neuroglia: 
outside this the white fibres He, and a thin superficial layer of 
neuroglia covers these. The two white “ roots ” of the olfactory tract 
have been traced to the uncinate gyrus and liippocampal regions of 
the same side of the brain, which is the portion experimentally 
found to be associated with the reception of olfactory impulses. 
Erom the cells of the grey matter here fibres pass by a complex 
path to the corresponding regions of the opposite side. There is 
also a communication via the fornix and corpora mammillaria with 
the thalamus and tegmentum of the mid-brain. 

Animals may be divided into three classes ; — ^those which, like the 
porpoise, have no sense of smell {anosmatic) ; those which possess it in 
comparatively feeble degree (man, most primates, monoti-emes, and 
some cetacea) ; these are called microsviatic. In man the thickness 
of the olfactory membrane is only 0’06 mm. Most mammals are in 
contradistinction macrosmatic, the thickness of the membrane being 
O'l mm. or more, and its area larger. 

The mucous membrane must be neither too dry nor too moist ; if 
we have a cold we are unable to smell odours or appreciate flavours 
(which are really odours). When liquids are poured into the nose, 
their smell is imperceptible, as they damage the olfactory epithelium, 
owing to the difference of osmotic pressure. But even if a “ normal ” 
saline solution of an odorous substance is substituted, the sense of 
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smell is still lost so long as air-bubbles are carefully excluded from 
the nasal cavity. It is therefore necessary that odorous substances 
should be in a gaseous state in order to act upon the olfactm J 
nerve-endings ; they are normally conveyed to the olfactory surface 
by the air currents passing through the nose. 

Generally, the odours of homologous series of compounds increase 
in intensity with increase of molecular weight, but bodies of very lov/ 
molecular weight are odourless, wliile vapours of very high molecular 
weight, which escape and diffuse slowly, have little or no smell. A sligho 
change in chemical constitution may produce marked alteration"^ in 
the character of the odour of a substance ; certain modes of atomic 
grouping within the molecule appear to be more odoriferous than 
others. Attempts have been made to discover the elementary sensa- 
tions of smell, but hitherto with scant success. Many odours have 
unquestionably a complex physiological effect. For example, when 
nitrobenzol is held before the nose, it yields first the smell of 
heliotrope, next the smell of bitter almonds, and finally the smell 
of benzene; just as if different end-organs became successively 
fatigued. Some substances have a very different smeU according 
to their concentration. Chemical dissociation, too, unquestionably 
plays a prominent part. 

Nevertheless, there are certain observations which indicate the 
existence of primary sensations of smell. First, some persons are 
congenitally insensible to one or more odours, but yet smell others 
quite normally. Hydrocyanic ' acid, mignonette, violet, vanilla, 
benzoin, are substances wliich appear to. certain people to have no 
smell. Secondly, some odorous bodies, when simultaneously given, 
antagonise one another; others produce a mixed smell. Thirdly, 
fatigue of the epithelium with one odour will modify or abolish the 
effect of some smells, but will leave that of others untouched. 

The delicacy of the sense of smell is most remarkable even in man. 

Valentin calculated that even 100,000,0 0 0 0 ^ musk can be dis- 

tinctly smelt. Solutions of camphor afford a good means of testing 
olfactory acuity. Two tubes of camphor solution are presented to the 
subject along with two tubes of water, and the former pair is replaced 
with weaker and weaker solutions until it is indistinguishable from 
the tubes containing water. Pungent substances, such as ammonia, 
are unsuited for olfactometrical experiment. They stimulate the 
endings of the fifth (trigeminal) as well as those of the olfactory 
nerve. (Parker, 1922.) 
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HEARING 

Anatomy of the Bar 

The Organ of Hearing is divided into three parts, (1) the external, 
(2) the middle, and (3) the internal ear. 

External Ear. — The external ear consists of the pinna and 
the external auditory meatus. The central hollow of the former is 
named the concha. The auditory meatus, with a slight arch directed 
upwards, passes inwards and a little forwards to the memhrana 
tympani, to which it thus serves to convey the %dbrating air. 

Middle Ear or Tympanum. — The middle ear, or tjunpanum or 
drum (fig. 244), is separated hy the memhrana tympani from the 
external auditory meatus. It is a cavity, the only opening of 
which to the external air is through the Eustachian tube (E.T., 
fig. 244). The walls of the tjonpanum are osseous, except where 
apertures in them are closed with membrane, as at the fenestra 
rotunda and fenestra ovalis, and at the outor part where the bone 
is replaced % the memhrana tympani. Its ca^dty is lined with 
mucous membrane, which is continuous through the Eustachian tube 
with that of the pharynx. A chain of smaU bones extends from 
the memhrana tympani to the fenestra ovalis. 

The memhrana tympani is placed in a slanting direction at the 
bottom of the external auditory canal, and consists of fibres, some 
rrmning radially, some circularly ; its margin is set in a bony groove ; 
its outer surface is covered with a continuation of the cutaneous 
lining of the auditory canal, its inner surface with the mucous 
membrane of the tympanum. 

The ossicles are three in number; named malleus, incus, and 
stapes. The malleus, or hammer-bone, has a long shghtly-curved 
process, called its handle, which is inserted vertically between the 
layers of the memhrana tympani. The head of the malleus is 
irregularly rounded ; its neck, or the line of boundary between the 
head and the handle, supports two processes: a short conical one, 
and a slender one {processus gracilis), which extends forwards, and is 
attached to the wall of the cavity at the Glaserian fissure. The 
incus, or anvil-bone, shaped like a bicuspid molar tooth, is articulated 
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by its broader part, corresponding with the surface of the crown of 
the tooth, to the- malleus. Of its two processes, one, directed bach- 
wards, has a free end attached by a ligament to the wall; the ofener, 
curved downwards, longer and more pointed, articulates with che 
stapes, a little bone .shaped like a stirrup, of which the base fits 
into the membrane of the fenestra ovalis. 

The mttscles of the tympanum are two in number. The tensor 
tympani arises from the cartilaginous end of the Eustachian tube 



8N 


Fio. 244.— DiaKiam of ear. TM, tympanic membrane; M, malleus; I, incus; S, stapes; SU semi- 
circular S” FO. foramen’ovLe : FB, foramen rotundum ; ET Eustachian tube ; A ampu la 
V. vestibule and titricle; S, saccule from ^^ich OB, the canal reunie^ (cut aoro^ 
with CO, the canal of the cochlea; SV, scala vestibuli, ST, scala ^mpani, 8 N, eighuh^^^^^ 

In constructing the diagram the various structures have been sho the^basilar membrane 

the cochlea lies antorio? to the semicircular canals. The lengthening of the basilar membrane 

towards the apex of the cochlea is shown in the left side only. 

and the adioining surface of the sphenoid, and from the sides of 
the canal in which the muscle lies ; the tendon of e muse e 
bends at nearly a right angle over the end of the processus coc 
formis and is inserted into the inner part of the han ® ^ 
malleus. The stapedius is concealed within a canal m tne Done 
in front of the aqueductus Eallopii. Its tendon is inser e m 

the neck of the stapes posteriorly. . - - n j i.,. fUo 

The Internal Ear.— The proper organ of hearing is formed by 
distribution of the auditory nerve, within the mternal eai, or iaby- 

ft 
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rinth, a set of cavities within the petrous portion of the temporal 
hone/ The hone wliich forms the walls of these cavities is denser 
than that around it, and forms the osseotis lalyrinth ; the membrane 
within the ca%dties forms the ^membranous labyrinth. The mem- 
branous labyrinth contains a fluid called endolymph ; while outside 
it, between it and the osseous labyrinth, is a fluid called perilymph. 
This fluid is not pure lymph, as it contains mucin. 

The oBseous labyrinth consists of three principal parts, namely, 
the vestibule, the cochlea, and the semicircular canals. 



Flo. 246.— Right bony labyrinth, viewed 
born the outer side. The specimen 
here represented is prepared by separ- 
ating piecemeal the looser substance 
of the petrous bone from the dense 
walls which immediately enclose the 
labyrinth. 1, The vestibule ; 2, fen- 
estra ovalis; 3, superior semicircular 
canal; 4, horizontal or external canal; 
5, posterior canal; *, ampulla: of the 
semicircular canals ; G, first turn of 
the cochlea; 7, second turn; 8, apex; 
9, fenestra rotunda. The smaller figure 
in outline below shows the natural size. 

ol 

. (Sbmmering.) 


Fio. 246,— View of the interior of the left 
labyrinth. The bony wall of the laby- 
rinth is removed superiorly and exter- 
■ nally. 1, Recessus ellipticus; 2. Becea- 
sus sphmricus; 8, common opening of 
the superior and posterior semicircular 
canals ; 4, opening of the aqueduct of 
the vestibule ; 6, the superior, e, the 
posterior, and 7, the external semicir- 
cular canals ; 8, spiral tube of the 

cochlea (scala tympani) ; 9, opening of 
the aqueduct of the cochlea ; 10, placed 
on the lamina spiralis in the scala ves- 

tibuli. (Sommering.) 


The vestibule is the middle cavity of the labyrinth, and the 
central chamber of the auditory apparatus. It presents, in its 
inner wall, several openings for the entrance of the divisions of the 
auditory nerve ; in its outer waU, the fenestra ovalis (2, fig, 245), 
an opening filled by membrane, in which is inserted the base of the 
stapes ; in its posterior and superior walls, five openings by which 
the semicircular canals communicate with it: in its anterior wall 
an opening leading into the cochlea. The semicircular canals have 
already been described in relation to Posture. 

The membranous labyrinth corresponds in general form with 
the osseous labyrinth. The vestibule contains two membranous 
sacs, named the utricle and the saccule (fig. 247); the utricle 
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communicates with the three membranous 
saccule communicates with the utricle 
and with the canal of the cochlea. The 
vestibular division of the auditory nerve 
'is distributed to the five spots shown in the 
diagram, namely, the maculse of the utricle 
and saccule, and the cristje of the semi- 
'Cii’cular canals. The cochlear division of 
, the auditory nerve is distributed to the 
whole length of the canal of the cochlea. 

The Cochlea. — This is shaped like 
a snail’s shell. It is traversed by a 
central column or inodiolus, around 
which a spiral canal winds with two 
and a half turns from base to apex. 

It is seen in vertical section that 
this canal is divided partly by bone 
(the spiral lamina), partly by mem- 
brane (the basilar membrane), into two 
spii’al staircases or scalse, the scala 
tympani and scala vestibidi (fig. 248). 
The scala vestibuh is separated from 


semicircular canals ; the ' 
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Fio. 247.— Diagram of the right mem- 
branous labyrinth. U, utricle, into 
which the three semicircular canals 
open ; S, saccule, communicating 
with the cochlea (0) by C.B., the 
canalis reuniens, and with the utricle 
by a canal having on it an enlarge- 
ment, the saccus endolymphaticua 
(S.E.) The black shading repre- 
sents the places of termination of 
the auditory nerve, namely, in the 
maculse of the utricle and saccule; 
the cristie in; the ampuUary ends of 
the three semicircular canals; and' 
in the wliolo length of -the canal of 
the cochlea. (After Schafer.) • 


the tympanum by the membrane of the fenestra ovalis, and the 


scala tympani is similarly separated from the tympanum by the 
membrane of the fenestra 


'M-i 

.'M ’ ''-.A 




rotunda. Both scalee are 
filled with' perilymph. The 
basilar membrane increases 
in breadth from the base 
towards, the apex of the 
cochlea. It contains fibres 




' bedded in a homogeneous 


/m 


'Fio. 248.— Section through oneof the coils of the cochlea. . -t. t 

Sr, scala tympani; Sr, scala vestibuli; CC, canalis inner ancl.COnCave part 01 

coohleas; ii, membrane of Eeissner; Iso, lamina spiralis V-oino- frnm 

ossea; Us, limbus laminre spiralis; t, membrana WlllCtl Oeing aecacneu XiOIU 

tectoria (below the membrana tectoria is the 4-hp .qurnmit of the modioluS, 

reticularis); Brmembrana basilaris ; Co, rods of Corti. SUlumiu Ui wie 

(Haiipike.) leaves a small aperture 

named the helicotrema, by which the two scalse, separated in all the 
rest of their length, communicate. 


matrix and running radially, 
from the spiral lamina to the 
spiral ligament, where its 
other end is again attached 
to the bone. At the apex 
of the cochlea, the lamina 
ends in a small hamnlns, the 
inner and, concave part of 
which being detached from 
the summit of the modiolus, 
leaves a small aperture 
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Besides the scala vestibnli and scala tympani^ there is a third 
space between them, called scala media or canal of the cochlea (OG 
fio-. 248). In section it is triangular, its external wall being formed 
by the wall of the cochlea, its upper waU (separating it from the 
scala vestibuli) by the membrane of Eeissner, and its lower wall 
(separating it from the scala tjnnpani) by the basilar membrane ; 
these two meet at the outer edge of the bony lamina spirahs. 



Flo. -240 — Diasram of a vertical section of the organ of Corti, BM, basal membrane ivhicb projects 
beyond tbe bony lamina spiraUs ; C, blood vessel : O, pillar of CO, tbe organ of Corti ; BSD, 
hair cells; x, supporting cell of Deiters; 3, cell of lamina reticularis; f, membrana, tectoria ; 
8th X, eighth nerve. (Drawn from photograph by J. A. Hewitt.) 


Following the turns of the cochlea to its apex, the scala media there 
terminates blindly; at the base of the cochlea a narrow passage 
(canahs reuniens) unites it with the saccule. The scala media (like 
the rest of the membranous labyrinth) contains endolym'ph. 

Organ of Corti. — On , the basilar membrane are arranged cells 
of various shapes. About midway between the outer edge of the 
lamina spiralis and the outer wall of the cochlea are situated the 
rods of Corti. Yiewed sideways, they are seen to .consist of an 
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external and internal pillar, each rising from an expanded foot or 
base attached to the basilar membrane (0, hi, fig. 249). They slant 
inwards towards each other, and each ends in a swelling termed 
the head,' the head of the inner pillar overlies that of the onter. 
Each pair of pillars forms a pointed roof arching over a space and 
by a succession of them a tunnel is formed. 

The pillars in^ proceeding from the base of the cochlea towards 
its apex progressively increase in length, and become more oblique ; 
in other words, the tunnel becomes wider, but diminishes in height 
as we approach the apex of the cochlea. Leaning against the rods of 



Fiq. 250 Cochlear division of the auditory nerve, r, Eestifonn body; V, descending root of the fifth 

nerve; tui.ae., acoustic tubercle; n.acc., accessory nucleus; s.o., superior olive; n.tr. trapezoid 
nucleus; n.ri., nucleus of the sixth nerve; F/., issuing fibre of sixth nerve. (Schafer.) 


Corti are certain other cells called hair-cells, which terminate in small 
hair-like processes. There are several rows of these on the outer 
and one row on the inner side. Between them are certain sup- 
porting cells called cells of Deiters (fig. 249, x). The whole rests 
upon the basilar membrane ; it is roofed in by a fenestrated mem- 
brane or lamina reticularis into the fenestrre of which the tops of 
the various rods and cells are received. When viewed from above, 
the organ of Oorti shows a remarkable resemblance to the key- 
board of a piano. Overhanging the organ is the membrana tectoria 
(fig. 249, t) which extends from the end _ of the limbus {Us, fig. 
248), a connective-tissue structure on the spiral lamina. The spiral 
ganglion from which the cochlear nerve-fibres originate is situated 
, in the spiral lamina. 
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Physiology of Hearing. 

Sounds are caused by vibrations j wben a piano-string is struck, 
it is thrown into a series of rapid regular vibrations ; the more 
rapidly the ^’ibrations occur the higher is the pitch of the musical 
note; the greater the amplitude of the vibration, the louder or 
more intense is the tone ; if the vibrations are regular and simple 
(pendular), the tone is pure ; if they are regular but compound, the 
tone is impure, and its quality or timbre is dependent on the rate 
and amplitude of the simple vibrations of which the compound 
■vdbrations are composed. The vibrations are transmitted as waves, 
and ultimately affect the hair-cells at the extremities_ of . the 
auditory nerve in the cochlea. In the external ear the 'vdbrations 
travel through air; in the middle ear through solid structures — 
membranes and bones ; and in the internal ear through fluid. 

This is the normal way in which the vibrations pass, but the endolymph may be 
affected in other ways, for instance through the other bones of the head ; one can, 
for example, hear the ticking of one’s watch when it is placed between the teeth, 
even when the ears are stopped. From this fact is derived a valuable practical 
method of distinguishing in a deaf person what part of the organ of hearing is at 
fault The patient may not be able to hear a watch or a tuning-fork when it is held 
close to the ear ; but if he can hear it when it is placed between his teeth, or on his 
forehead, the malady is localised in either the external or middle ear ; if he can hear 
it in neither situation, it is a much more serious case, for then the internal ear or the 
nervous mechanism of hearing is at fault. In disease of the middle ear the hearing 
of low tones is especially affected ; high tones appear to be transmissible by bone- 
conduction more readily than low. 

In connection with the external ear there is not much more to be ’ 
said ; the pinna in many animals is large and acts as a kind of natural 
ear-trumpet to collect the vibrations of the air ; in man this function 
is to a very great extent lost, and though there are muscles present to 
move it into appropriate postures, they are not under the control of the 
will in the majority of people, and are fxmctionless, ancesti-al vestiges. 

The Membrana Tympani. — This membrane, unlike that of 
ordinary drums, can take up and vibrate in response to an 
immense range of tones differing from each other by many octaves. 
This would clearly be impossible if it were an evenly stretched 
membrane. It is not evenly nor very tightly stretched, but owing 
to its attachment to the chain of ossicles it is slightly funnel-shaped : 
the ossicles also damp the continuance of the vibrations. 

When the membrane gets too tightly stretched, by increase or 
decrease of the pressure of the air in the tympanum,, then the sense 
of hearing is dulled. The pressure in the tympanic cavity is kept 
the same as that of the atmosphere by the Tjustachian tube, which 
leads from the cavity to the pharynx, and so to the external air. 
The Eustachian tube is not, however, always open; it is opened by 
the action of the tensor palati during swallowing. When the tube is 
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closed this often happens owing to- swelling of the- mucous membrane 
in inflammation of the throat — an interchange of gases takes place 
between the imprisoned air and the blood- of the tympanic vessels. 
In time, as in the aerotonometer, equilibrium is estabhshed and the 
tension of the imprisoned gases becomes equal to that of the blood 
gases, not to that of the atmosphere. The membrane is therefore 
cupped inwards by the atmospheric pressure on its exterior ; it is by 
this increased tightening of the membrane that deafness is produced. 
There is also an accumulation of mucus. When one makes a 
violent expiration, as in sneezing, some air is often forced through 
the Eustacliian tube into the tympanum. The ears feel as though 
they were bulged out, as indeed the membrana tympani is, and 
there is again partial deafness, which sensations are at once reheved 
by swallowing, so as to open the Eustachian tube. and thus re- 
establish equality of pressure. ' ' 

The ossicles communicate the. vibrations of the membrana 
tympani to the membrane which closes the fenestra ovahs (to which 
the foot of the stapes is attached). Thus the vibrations are 
communicated to the fluid of the internal ear, which is situated 
on the other side of the oval window. 

The handle of the malleus vibrates with the membrana tyihpani ; 
and the vibrations of the whole chain take place round . the axis of 
rotation AB (fig. 251). Every time 
C comes forward D comes for- 
ward; but by drawing perpendi- 
culars from C and D to the axis 
of rotation, it is found that D is 
about § of the distance from the 
axis that C is. So in the trans- 
mission of the vibrations from' 
membrane to membrane across the 
bony chain, the amplitude of the 
vibration is decreased by about J, 
and the force is correspondingly 
increased. This increase of power 
is augmented by the fact that the 
tympanic membrane concentrates 
its power upon an area (the membrane of the oval window) only one- 
twentieth of its size. The final movement of the stapes is, however, 
always very small ; it varies from ^ to less than - i - o S THr of a millimetre. 

In one direction the ossicles move as if they were one. The 
advantage of their being, several is that movements which move the 
membrane outwards do not move the incus. The increase of pressure 
on the inner side of the- tympanic membrane caused by blowing 
the nose, therefore, is not communicated to the cochlea. 



Fio. 251. — Diagrammatic vie-nr of ear ossicles. ' 
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The action of the tensor tympani, by pulling in the handle of, the 
malleus, increases the tension of the memhrana tympani. It is 
supplied by the fifth (trigeminal) nerve. It is opposed by the 
strong external ligament of the malleus. The stapedius attached to 
the neck of the stapes tilts it backwards and diminishes the intra- 
tympanic aii’-pressure. It is supplied by the seventh (facial) nerve. 

The next very simple diagram (fig. 252) will explain the use of 
the fenestra rotunda. 



Flo. 252 Diagram to iUnstrata the use of the fenestra rotunda. The intervention of the vestibular 

perilymph between the f. oralis and the scala vestibnli is not shown. 


The cochlea is supposed to be uncoiled ; the scala vestibuli leads 
from the vestibule, in which is situated the fenestra ovahs, to the 
other side of which the stapes is attached; the scala tympani 
leads to the fenestra rotunda; the two scalse communicate at the 
hehcotrema, and are separated from the canal of the cochlea by 
the basilar membrane, and the membrane of Eeissner. C. E. is 
the canahs reunions leading to the saccule. The cochlea is filled 
with incompressible fluid in an inexpansible' bony case, except 
where the windows are closed by membranes. Hence every time 
the membrane of the oval window is bulged in by the stirrup, 
the membrane of the roimd window is simultaneously bulged out 
to the same extent, and nice versa. These changes of pressure are 
transmitted from one scala to the other directly through the cochlear 
canal, which is set into vibration, and through the helicotrema. 


The Analysis of Sound. 

It is now generally agreed that the appreciation of sound depends 
on the basilar membrane. This membrane, as we have seen, separates 
the scala tympani from the canal of the cochlea and it is evident 
that it may be caused to vibrate by pressui’e waves set up in the 
periljmiph of the scala tympani. The wave movements of the 
perilymph are made possible by the flexibility of the membrane 
closing the foramen rotundum. There have, however, been different 
opinions as to how and where the analysis of the sound takes place. 
It has been suggested (Rutherford and Wrightson) that the basilar 
membrane vibrates like a telephone receiver and impulses are set 
up which are conveyed to the brain as by telephone, the actual 
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analysis taking place in the brain. This appears unlikely, as, on 
one hand,^ we know of no cerebral mechanism by which such 
an analysis would take place and it has been calculated that the 
nerve could not carry the required number of impulses because of 
its refractory period. Moreover, it would not seem necessary to have 
such an elaborate structure as the cochlea for such a function. It 
has also been suggested (Waller-Ewald) that the basilar membrane 
itself might analyse such wave patterns according, to the different 
parts thrown into motion. This avoids the difficulties suggested in 
relation to the Eutherford hypothesis, but like the , latter cannot 
explain the loss of the power to recognise certain groups of notes 
when the membrane is injured in certain parts. 

The view which is now mos't generally accepted is that originally 
put forward by Helmholtz that the di:&rent parts of the basilar 
membrane can vibrate in resonance with a particular wave to which 
they are, as it were, tuned, just as a wire of a piano can be made to 
sound if a note of suitable pitch is struck on another instrument. 
Helmholtz (1821-1894), trained originally in Medicine, became 
Professor of Physiology but later Professor of Physics, in Berlin 
and one of the great physicists of his day. 

Helmholtz’s view is based on the fact that the fibres of the 
basilar membrane vary appreciably in length, its longest fibres 
at the apex of the cochlea being more than three times the 
length of those at the base, while the structures attached to the 
upper part of membrane have probably more than ten times 
the mass of those attached below. Between, the structures are 
intermediate. The long fibres vibrate to notes of 40 vibrations 
per second only, while the short fibres vibrate to those , of 4000 
per second. Support to this view is given by the result of 
damage to the cochlea. Animals in which conditioned reflexes 
have been established to low notes lose these reflexes if the apex 
is removed. Boilermakers who become deaf to high notes show 
degeneration of the base of the cochlea, and similarly it is 
claimed that prolonged subjection of an animal to a certain sound 
leads to a corresponding cochlear degeneration. It has further 
been found possible to make a model which will respond in a 
way similar to that suggested for the cochlea.' 

Hartridge has introduced a number of very interesting , 
experiments which do much to support the Helmholtz theory. He 
has compared the changes in a telephone circuit with what occurs 
when a system of resonators is activated. In each case what is ' 
heard by the ear corresponds to what happens in a series^ of 
resonators. Por example, the changing of the phase of a musical 
note by half a cycle does not alter the voltage in a telephone cmcuit; 
but to the ear there is a momentary interruption at the point of. 
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change just as would occur if a tuned structure .were caused to 
perform resonant vibrations. .A.lso short interruptions of a musical 
sound which would be indiscernible to the ear or in the responses of 
series of resonators are quite e^ddent in the current of a telephone 
circuit. 

It may be considered that the vibration of the basilar membrane 
causes a movement of the hair cells which rest upon it. The actual 
stimulation probably takes place as a result of the contact of the 
hair cells with the tectorial membrane which rests upon them. In 
these cells are the endings of the auditory nerve which convey the 
impulses to the brain where their significance is appreciated. It is 
not, however, to be imagined that only one fibre of the basilar 
membrane vibrates at a time, rather we must presume that hanks 
of fibres vibrate in harmony with the tones and overtones which 
stimulate the membrane. 

"What is virtually a complete proof of the Helmholtz theory has 
been obtained from a study of the action potentials set up in the 
auditory nerve and the finding of a spatial representation of the 
basal membrane on the surface of the cerebrum (see helow). It has 
been shown (Adrian) that sounds of various pitches do not send 
impulses of any special frequencies, but that, as in the case of other 
afferent impulses, the frequencies set up depend on the intensity 
of the stimulus, i.e. the loudness of the'soimd. 

The Auditory Pathways. 

The fibres of the cochlear nerve take origin from the bipolar 
nerve-ceUs of the spiral ganglion of the cochlea; the peripheral 
axons ramify among the hair-cells of the organ of Corti, and the 
central axons pass towards the pons; as they enter they bifurcate, 
and some pass to and arborise round a collection of nerve-cells 
situated between the two roots and the restiform body, called the 
accessory auditory nucleus ; the remaining fibres terminate similarly 
in a collection of cells in the grey matter overlying the restiform 
body, and extending into the ventricular floor in its widest part. 
This is called the ganglion of the root, and the mass of grey 
matter is termed the acoustic tuhercle. The auditory path is con- 
tinued by new axons that arise from these ceUs. Those from the 
accessory nucleus enter the trapezium, and pass in it partly to the 
superior olive and trapezoid nucleus of the same side, but mainly 
to the corresponding nuclei of the opposite side; some -fibres end 
here, others traverse the nuclei, and merely give off collaterals to 
them ; they then turn upwards in the lateral fillet, and so reach the 
inferior corpus quadrigeminum. The fibres which arise in the acoustic 
tuhercle pass superficially over the floor of the ventricle, forming the 
striae acousticcB having crossed the raphe, they join the fibres from 
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the accessory nucleus in their course to the superior olive and fillet 
Here again, however, a few fibres pass to the fiUet of the same 
side. Fibres from the superior olive reach the nucleus of the sixth 
nerve and through the posterior longitudinal bundle the thu’d and 
fourth nerve nuclei. Their presence partly explains movements of 
the eye in response to a sound. The lateral fillet communicates with 
the inferior corpus quadrigeminum and the medial geniculate body. 
From the latter the auditory radiation is distributed to the upper 
surface of the superior temporal gyrus concealed within the lateral 
fissure (Sylvius). 

From quite a small area of this gyrus it has been found possible 
to record, in the monkey, the action potentials set up by various 
sounds, an area for low notes being at one end and another for 
liigli notes at the other. 

Range of Hearing. 

The range of hearing extends over 10 or 11 octaves ; the lowest 
audible tone having about 20, the highest about 25,000, vibrations 
per second. The range varies in different people, and diminishes 
from childhood onwards. The upper limit of hearing may be tested 
by minute tuning-forks, metal, rods, or by Galton’s whistle. Many 
animals appear to be able to detect high tones which lie beyond the 
human limit. The' lower limit may be determined by very large 
tuning-forks, or by employing very low difference-tones, but now- 
a-days in all accurate work the audiometer is used (see below). - 

Difference-tones are produced when two tones of different pitch, 
m and n, are sounded together. A tone ha-ving the pitch m minus n 
is then heard in addition to the tones m and n : also a summation 
tone of pitch m plus n may be heard, but with greater difficulty. 
When m and n are nearly equal, a beating tone, instead of a difference- 
tone, results, ha'vdng a pitch somewhere intermediate between m and n. 
If the difference between m and n is exceedingly small,' this beating- 
tone alone is heard. The frequency of the beats corresponds to the 
difference in "vibration-rates, m and n. Under certain conditions 
the difference and summation-tones (which are collectively called 
combination-tones) exist in the air; their presence is demonstrable 
by their reinforcement before appropriate resonators. More generally, 
however, they appear to be produced ■within the ear, i.e., they have 
merely a subjective origin. The smallest perceptible difference in 
pitch between two successive tones is about 0’2 vibrations in the 
middle region of the piano for trained subjects. Practice effects 
extraordinary improvement, even among the most unmusical. 

It should be noted that the ear is more sensitive to sounds of 
certain pitches than to , others, as the eye is more sensitive to 
certain parts of the spectrum e.g., sounds from 1000 to 2000 cycles. 
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i.c., just above average singing range low G- 198 to high G 792. 
Loudness is, therefore, not strictly synonymous with sound intensity. 

SoxLoid location depends partly on the possession of two ears. 
The sound reaches the nearer ear first and thus difference in time 
is recognised. 

Auditory Efficiency. 

There is little doubt that auditory efficiency varies much more 
than is commonly recognised. This has become apparent by the 
introduction of more accurate means of measurement made possible 
by the use of the microphone and the audiometer (see below). 

The decibel has been introduced as a convenient unit of 
loudness. It is a tenth of a hel, so-called after Graham Bell who 


so 128 256 612 102« 2048 4096 8192 



60 128 266 612 1024 2048 4096 8192 


Frequency in cycles per second 

Fig. 253. Audiometer records. Isote specially the loss of the higher notes 
in boilermakers disease, (E. D. nickson.) 

invented the telephone. The decibel scale is a scale relative to 
the faintest audible sound thus : 

Faintest audible . . . o Thunder .... 70 

U hisper at 4 feet . . , 20 Loud motor horn at 23 feet . 100 

Quiet sheet .... 30 Limit of endurance . .130 

xsoisy street. . . . 60-80 

The actual scale is logarithmic; 1 hel is 10 times 0, 2 bels are lOO’ 
times 0. The scale really measures changes in the intensity of 
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a sound, and is used simply for convenience as the,, range of 
intensities is so great. 

Tlie audiometer is a thermionic valve apparatus from which 
pure tones of different pitch, hut of the same intensity, can be 
delivered. It is possible to obtain audiometric curves from subjects 
which give an. idea of the efficiency of the auditory apparatus at 
different pitches, which may he important in the selection of 
telephonists. By its use the differences produced by different lesions 
of the ear may be demonstrated, as seen in fig. 253. Since ordinary 
conversation- takes place between 20 and 40 decibels, a person 
suffering from otosclerosis or damage to his' nerve mechanism will 
complain of deafness but a boilermaker may not. 

Obstruction in the external auditory meatus by plugging tends 
to cut out notes of high frequency which are most easily attenuated. 
For a similar reason we can hear the low notes of distant conversa- 
tion or of the radio although we may not recognise what is said, 
(Fletcher, 1929 ; Beatty, 1932 ; Wever, 1933 ; Stevens, 1938.) 
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THE EYE AHD VISION 

The eyeball, together with vessels and nerves, muscles to move it, 
and a quantity of adipose tissue, is contained in the orbit. In the 
front of the eyeball are the lids and lachrymal apparatus. 

The eyelids consist of two movable folds of sMn, each of which is 
kept in shape by a thin plate of fibrous tissue called the tarsus. 
Along their free edges are inserted a number of curved hairs {eye- 
lashes), which, when the lids are half closed, serve to protect the 
eye from dust and other foreign bodies : the tactile sensibility of the 
lids is very delicate. Embedded in the tarsus are a number of long 
sebaceous glands {Meibomian or tarsal), the ducts of which open 
near the free edge of the lid. In the loose connective tissue in front 
of the tarsus, the bundles of the orbicularis muscle are situated. 

The orbital surface of each lid is lined by a delicate, highly 
sensitive mucous membrane {conjunctiva), which is continuous with 
the skin at the free edge of each hd, and after lining the inner 
surface of the eyelid is reflected on to the eyebaU, being somewhat 
loosely adherent to the sclerotic coat or sclera. Its epithelium, which 
is columnar, is continued over the cornea as its anterior epithelium, 
where it becomes stratified. At the inner edge of the eye the 
conjimctiva becomes continuous with the mucous lining of the 
lachrymal sac. and duct, which again is continuous with the mucous 
membrane of the nose. 

The eyelids are closed by the contraction of a sphincter muscle 
{orbicularis), supplied by the facial nerve ' the upper lid is .raised' by 
the levator palpebrce superioris, supplied by the third nerve. 

The lachrymal gland, composed of lobules made up of acini re- 
sembling the serous salivary glands, is lodged in the upper and outer 
angle of the orbit. Its secretion, which issues from several ducts on 
the inner surface of the upper _lid, under ordinary conditions just 
suffices to keep the conjimctiva moist. It passes out through two 
small openings (puncta lacrimalia) near the inner angle of the eye, one 
in each lower lid, into the lachrymal sac, and thence along the nasal 
duct into the inferior meatus of the nose. The excessive secretion 
poured out under the influence of an irritating vapour or painful 
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emotion overflows the lower lid in the form of tears. The seoretorv 

lachrymal and temporo-malar branches 
01 tliG iiith nerve, and in the cervical sympathetic. 


The Eyeball. 


The eyeball (fig. 254) consists of the following structures : f 



PiQ. 254,~Diagram of eye. C, cornea ; AO, anterior chamber ; I, iris; L, lens ; CS, canal of Schlemm ; 
CM, ciliary muscle ; SL, suspensory ligament ; CB, ciliary body ; CJ, conjunctiva ; Cb., cboroid; 
8, sclerotic ; R, retina ; M, macula or fovea centnalis ; ON, opti o nerve ; OS, ora serrata. 


The Sekra or Sclerotic, the outermost coat, is made of white fibrous 
tissue and envelops about five-sixths of the eyeball : continuous with 
it, in front, and occupying the remaining sixth, is the transparent 
cornea (fig. 254). Immediately within the sclerotic is the choroid 
coat, and within the choroid is the retina. The interior of the eyeball 
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is filled by the aqy.eous and vitreous humours * and the crystalline lens ; 
but, also, there is suspended in the interior a contractile and 
perforated curtain, the iris, -whieh is continuous with the choroid; 
it regulates the admission of light; at the junction of the sclera and 
cornea is the cihary muscle, the function of which is to adapt the 
eye for seeing objects at various distances. 

Tlie Choroid Coat is the vascular coat of the eyeball, and its 
connective tissue contains abundance of branched pigment cells. 

The choroid coat ends in front in what is called the ciliary 
body (fig. 254) which is made up of blood-vessels, fibrous connective 
tissue, and pigment corpuscles. The ciliary processes . terminate at 
the margin of the lens. The ciliary muscle takes origin at the 
corneo-seleral junction. It is a ring of muscle inade up of fibres 
running in three directions: («) Meridional fibres near the sclera 
and passing to the choroid ; (b) radial fibres inserted into the choroid 
behind the ciliary processes; and (c) circular fibres (muscle of 
]\Iuller), more internal ; they constitute a sphincter. 

The ciliary bodies also contain the ciliary processes which 
project slightly towards the interior of the eye. They are covered 
by a thin pigmented epithelium and are rich in capillaries. 

From these structures is produced the acjueous humour or watery 
fluid of the anterior chamber of the eye. 

Tlie Iris is a continuation of the choroid inwards beyond the 
ciliary processes. It is a fibro-muscular membrane perforated by a 
central aperture, the pupil. 

Posteriorly is a layer of pigment cells (uvea), which is a 
continuation forwards of the pigment layer of the choroid. The iris 
proper is made of connective tissue in front with corpuscles which 
may or may not be pigmented, and behind of similar tissue supporting 
blood-vessels. Surrounding the pupil is a layer of circular imstriped 
muscle, the sphincter pupilloe. There are also muscle-fibres which 
radiate from the sphincter in the substance of the iris forming the 
dilator pupillce. The iris is covered anteriorly by a layer of epithelium 
continued upon it from the posterior surface of the cornea. 

The Lens is situated behind the iris, being enclosed in a distinct 
capsule, the posterior layer of which is not so thick as the anterior. 
It is supported in place by the suspensory ligament, fused to . the 
anterior surface of the capsule. 

The lens is made up of a series of concentric laminas (fig. 255), 
which, when it has been hardened, can be peeled off like the coats of 
an onion. ■ The lamina consist of long ribbon-shaped fibres, which in 
the course of development have originated from cells. The fibres 
are united by a scanty amount of cement substance. The central 
portion {nucleus') of the lens is the hardest. 

* Sometimes called the vitreous body. 



CH. LVI.] COENEO-SOLERAL JUNCTION 733 

\ . 

The epithelium of ^the lens consists of a layer of cubical cells 
anteriorly, which merge at the equator into the lens fibres. The 
development of the lens explains this transition. 

Oorneo-scleral Junction. — At this junction the relation of parts 
(fig. 254) is so important as to need a short description. In this 
neighbourhood, the iris and ciliary processes join with the cornea. 
The proper substance of the cornea and the posterior elastic lamina 
beconie continuous with the iris, at the angle of the iris, and the iris 
sends forwards processes towards the posterior elastic lamina, 
forming the ligamcntuni pectinahim iridis, and these join with fibres 
of the elastic lamina. The epithelial covering of the posterior surface 
of the cornea is, as we have seen, continuous over the front of the 
iris. At the iridic angle, the compact inner substance of the cornea 
is looser, and between the bundles are lymph spaces called the 
spaces of Fontana. They are but little developed in the human 
cornea. 

45 


Fia. 255.— Jloridional section through the part of the lens of a rabbit. 1, Lens capsule ; 2, epithelium- 
of lens ; 8, transition of the epithelium into the fibres ; 4, lens fibres. (Bubuchin.) 

The spaces -between the bundles of corneal tissue at the angle 
of the iris are continuous with the larger lymphatic space 
of the anterior chamber. Above the angle at the corneo-scleral 
junction is a canal, which is called the canal of Schlemm. It is a 
venous channel. 

The Retina apparently ends in front, near the outer part of the 
ciliary processes, in a finely-notched edge — the ora serrata — ^but is 
reaUy represented by the uvea to the very margin of the pupil. 
The nerve-cells in the retina remind us that the optic, like the 
olfactory nerve, is not a mere nerve, but an outgrowth of the brain. 

_ In the centre of the retina is a round yellowish elevated spot, 
about 1 mm. in diameter, having a depression in the centre, called 
the macula lutea or yellow spot. The depression in its centre is 
called the fovea centralis. About 2-5 mm. to the inner side of the 
yellow spot is the point {optic disc or white spot) at which the optic 
nerve leaves the eyeball. The optic nerve-fibres are the axons of the 
nerve-cells of the retina; the dendrons of these cells ultimately 
communicate with the visual nerve-epithelium (rods and cones). 

The optic nerve passes backwards to the ventral surface of the 
brain enclosed in prolongations of the membranes, which cover the 
'brain. This external sheath at the exit of the nerve from the 
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ej'ebsU becouies continiious with, the sclera, which at this part is 
perforated by holes to allow of the passage of the optic nerve-fibres, 
the perforated part being the lamina crihrosa. The fibres of the 
nerve themselves are exceedingly fine, and are surroxmded by the 
myelin sheath, but do not possess the ordinary external nerve 
sheath. In the centre of the nerve is a small artery, the arteria 
centralis retince. The number of fibres iu the optic nerve is said to 
be upwards of 500,000. 

The retina consists of certain elements arranged in ten layers 
from within outwards (figs. 256, 257), and surprising as it may seem 
at first sight the light passes through most before reaching the 
sensitive nerve-endings. 

1. Memhrana limitans interna. — ^This so-called membrane in 
contact with the vitreous humour is formed by the junction laterally 
of the bases of the sustentacular or sujoporting fibres of Muller, which 
bear the same relation to the retina as the neuroglia does to the 
brain. 

2. Optic nerve-fibres. — This layer is of very varying thickness in 
different parts of the retina; it consists of non-medullated fibres 
which interlace, and most of which are the axons of the large 
nerve-cells forming the next layer. 

3. Layer of ganglion cells. — This consists of large multipolar 
nerve-cells with large and round nuclei, forming either a single 
layer, or in some parts of the retina, especially near the macula 
lutea, where this layer is very thick, it consists of several strata of 
nerve-cells. They are arranged with their single axis-cylinder, 
processes inwards. These pass into and are continuous with the 
layer of optic nerve-fibres. Externally the cells send off several 
branched processes which pass into the next layer. 

4. Inner molecular layer. — This presents a finely granulated - 
appearance. It consists of neuroglia traversed by numerous fibriUar 
processes of the nerve-cells just described, and the minute branch- 
ings of the processes of the bipolar ceils of the next layer. 

5. Inner nuclear layer . — This consists chiefly of numerous small 
round cells, each with a very small quantity of protoplasm surroimd- 
ing a large ovoid nucleus. The large oval nuclei (fig. 257) belonging 
to the Mullerian fibres occur also in this layer. 

6. Outer molecular layer . — ^This layer closely resembles the inner 
molecular layer, hut is much thinner. It contains the branchings of 
the rod and/ cone fibres on the one hand and of the bipolar cells on 
the other. 

7. External nuclear lawyer. — ^This layer consists of small cells 
resembling at first sight those of the internal nuclear layer; they 
are classed as rod and cone granules, according as they are connected 
with the rods and cones respectively, and will be described with them. 
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8. ^ Mciiibi 0,71(1 liTTiitons cxtcvTio. — ^Tliis is a wGll-defined nieinbraiiG, 
DiarkiDg tliG iDtGmal limit of the rod and cone layer, and made np 
of the junction of the sustentacular or Mullerian fibres externally. 

9. Loycv of rods and cones. — This layer is the nerve-epithehum 
of the retina. It consists of two kinds of cells, rods, and cones, 
which are arranged at right angles to the external limiting mem- 
brane, and supported by hair-like processes {baslcef) proceeding from 
the latter for a short distance (fig. 256). 



r, base of the fibre. 

(From M'Kendrick, after Stobr.) 
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Fig. 257. — Diagram of retinal elements. In a 
section of the retina the pigment and molecular 
layers are most evident. (Modified from 
Schultze.) For explanation of numbers see text. 


Each rod (fig! 257) is made up of two parts, very different in 
structure, called the outer and inner limbs. The outer limb of the 
rods is about 30 fx long and 2 ^ broad, is transparent, and doubly 
refracting. It is said to be made up of fine superimposed discs. 
It stains brown with osmic acid but not with hsematoxylin, and 
resembles in some ways the myelin sheath of a meduUated nerve. 
It is the part of the rod in which the pigment called visual purjjU is 
found. /In some animals a few rods have a greenish pigment instead. 
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The inner limb is about as long but slightly broader than the outer, 
is longitudinally striated at its outer, and granular at its inner part. 
It stains with hasmatoxylin, but not with osmic acid. Each, rod is 
connected internally with a rod fibre, very fine, but here and there 
varicose ; in the middle of the fibre is a rod granule, ^ really 
the nucleus of the rod, striped broadly transversely, and situated 
about the middle of the external nuclear layer; the internal end 
of the rod fibre terminates in branchings in the outer molecular 
layer. 

Each cone (fig. 257), like each rod, is made up of two limbs, 
outer and inner. The outer hmb is tapering and not cylindrical like 




Fia. 25S. — Pigmented epithelium of retina (after GreeS). A, Surface view ; n, nucleus. B, Single 
celi in profile view; a, free surface; 6, nucleus; e, pigment-free cytoplasm; d, pi^ented 
cytoplasm ; e, pigmented processes. 


the corresponding part of the rod, and about one-third only of its 
length. There is, moreover, no visual purple found in the cones 
The inner hmb of the cone is broader in the centre. It is proto 
plasmic, and under the influence of hght has been seen to execute 
movements. In birds, reptiles, and amphibia, there is often a 
coloured oil globule present here. Each cone is in connection by its 
internal end vrith a cone fibre, which has much the same structure 
as the rod fibre, but is stouter and has its nucleus (co7ie gi'anule') 
quite near to the external hmittng membrane. Its inner end 
termiaates by branchings in the external molecular layer. 

In the rod and cone layer of birds, the cones usually pre- 
dominate largely in number, whereas in man the rods are by 
far the more numerous, except in the fovea centrahs, where cones 
only are present. The number of cones has been estimated at 
3,000,000. 

10. Pigment-cell layer . — This layer consists of a single layer of 
polygonal cells, which send down a beard-like fringe to surround 
the outer ends of the rods. 

Hote that this pigment layer which contains the visual purple 
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Fla. 259. — Diagram of a section through half the 
fovea centralis. 2, Ganglionic layer; 4, inner 
nuclear; 6, outer nuclear layer, the cone fibres 
forming the so-called external fibrous layer; 
7, cones; m.l.e., membrana limitans externa; 
n.l.i., membrana limitans interna. (Schafer and 
Golding Bird.) 


lies almost m contact with the pigment containing cells of the 
choroid coat of the eyeball which excludes the light. , Between 
the two layers is the thin membrane of Bruch. 

Differences in struchio'e of different parts. — Towards the centre 
or the maciffa lutea all the layers of the retina become greatly 
thinned out and almost disappear, 

except the rod and cone layer, • * ■ - 

and at the fovea centralis the 

rods disappear, and the cones are v. ; ' ' . 

long and narrow. At the margin 
of the fovea the layers increase 
in thiclaiess, and in the rest 
of the macula lutea are thicker 
than elsewhere. The ganglionic 
layer is especially thickened, the 
cells being six to eight deep 
(2, fig. 259). Cone nuclei are 
obliquely disposed (fig. 259) on 
the course of the cone fibres, 
and are situated at some distance 
from the membrana limitans externa, which is cupped towards the 
fovea (fig. 259). The yellow tint of. the macula is due to a diffuse 
colouring matter in the interstices of the four or five inner layers ; 
it is absent at the centre of the fovea. 

It is important to notice what is clearly brought out in fig. 257, 
that at the fovea each cone is connected to a separate chain of 
neurones, whereas in other regions the rods and cones are connected 
in groups to these chains’, this explains the greater sensitiveness 
of foveal vision which has been confirmed by measurement of the 
excitability of the retina at different points. 

At. the ora serrata the layers are, not perfect and disappear in 
this order : nerve-fibres and ganglion cells, .then the rods, leaving 
o nl y the inner • limbs of the cones, next these cease, then the outer 
molecular layer, the inner and outer nuclear layers coalescing, and 
finally the inner molecular layer also is unrepresented. 

At the pars ciliaris .retince, the retina consists of a layer of 
columnar cells, which probably represent the Mullerian fibres. These 
cells externally are in contact with the pigment layer of the retina, 
which is continued over the ciliary processes and back of the iris. 
Nervous structures are absent. 

At the exit of the optic nerve the only structures present are 

nerve-fibres, -/ • 

' The anterior chamber is the space behind the cornea and in 
front of the iris. Between the iris and the lens is the posterior 
chamber. 


2 A 
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The Fluids of the Bye and Intraocular Pressure. 

The chambers of the e3'e are filled with the aqueous humour. 
This fluid has the composition of dilute lymph, that is, it_ contains 
in solution the salts of the blood plasma but less protein. It is 
-elaborated by the ciliary glands of the ciliary processes, and plays 
an important part in maintaining the intraocular pressure. (See 
Duke-Elder.) 

The fluids in the eye are under a pressure of 20 to 30 mna. Hg, 
and may be measured accurately by plunging through the sclera a 
hollow needle attached to a manometer. The general tension of 
the eyeball can be appreciated also on oneself by palpation with 
two fingers. Clinically the pressure is measured by a tonometer 
in which a piston works against a standardised spring. In the 
condition of glaucoma the pressure may so increase that it inter- 
feres with the blood supply of the retina, and may cause blindness. 
The mode of formation and drainage of the fluid of the eye is therefore 
of much practical importance. The aqueous humour appears to be 
produced like lymph, its pressure depending on capillary pressure 
and the osmotic pressure of the blood rather than arterial pressure. 
As pointed out by Duke-Elder, since the pressure in the exit veins 
is greater than the intra-ocular pressure there is an equilibrium. 
Normally the fluids drain away, as indicated by the injection of 
dyes, in three ways. 

1. By the the canal of Schlemm, into wliich open the spaces of 
Fontana at the outer edge of the iris (the filtration angle), and which 
is’ of great importance as a drainage area. 

2. By the crypts on the anterior surface of the iris. 

3. By passing backwards to the vitreous humour from which it 
reaches the retinal veins and lymphatics. 

This drainage of the eye is of the greatest importance in glaucoma, 
a condition associated with increased intraocular pressure which 
leads to degeneration of the retina and to blindness. ’ 

The vitreous humour, which is a. jeUy-lilce connective tissue, 
is situated behind the crystalline lens. It is enclosed in the hyaloid 
membrane which in front is continuous with the capsule of the 
lens; round the edge of the lens the canal, left is called the Canal of 
Petit, the membrane itself being the Zomole of Zinn. . The hyaloid 
membrane separates the vitreous humour from the retina. 

Blood-vessels of the Eyeball . — The eye is very richly supplied with blood- 
' vessels.. In addition to the conjunctival vessels which are derived from the palpe- 
bral and lachrymal arteries, there are at least two other distinct sets of vessels 
supplying the tunics of the eyeball. 

(1) These are the short and long posterior' ciliarj’’ arteries which pierce the 
sclera in the posterior half of the eyeball, and the ante^’ior ciliary which enter 
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near the insertions of the recti. These vessels anastomose and form a rich choroidal 
plexus ; tliey also supply the iris and ciliary processes, forming a highly vascular 
circle round the outer margin of the iris and adjoining portion of the sclera. The 
distinctness of these vessels from tliose of the conjunctiva is well seen in the 
difference between the bright red of blood-shot eyes (conjunctival congestion), and 
the pink zone surrounding the cornea which indicates deep-seated ciliary congestion. 

(2) The retinal vessels are derived from the arteria centralis retinee, which 
enters the eyeball along the centre of the optic nerve. They ramify all over the 
retina, in its inner layers. Thej' can be seen b}’’ ophthalmoscopic examination. 

The Eye as an Optical Instrument. 

In a photographic camera images of external objects are thrown 
on a screen at the back of a box, the interior of which is painted 
black. In the eye, the camera is represented by the eyeball with its 
black pigment, the screen by the layer of rods and cones , of the 
retina, and the lens by the refracting media. In the camera, the 
screen is enabled to receive clear images of objects at different 
distances, by an apparatus for focussing. The corresponding con- 
trivance in the eye is called accommodation. 



right. ' 


The iris, which allows more or less light to pass into the eye, 
corresponds with the diaphragms used in the photographic 
apparatus. 

The refractive media are the cornea, aqueous humour, crystalline 
lens, and vitreous humour. The most refraction or bending of the 
rays of light occurs where they pass from the air into the cornea ; 
they are again bent slightly in passing through the lens. _ Alterations 
in the anterior curvature of the lens lead to accommodation.' 

' We may first consider the refraction through a transparent 
spherical surface, separating two media of different density. 

The rays of light which fall on the surface exactly perpendicu- 
larly do not suffer refraction, but pass through, cutting the optic 
axis (0 A, fig. 260), a line which passes exactly through the centre 
of the surface, at a certain point, the nodal 'point (fig. 260, bT), or 
centre of curvature. Any rays which do not so strike the curved 
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surface are refracted towards the optic axis. Rays which iinj)inge 
upon the spherical surface parallel to the optic axis meet on the 
optic axis at a point which is behind the nodal point and is called 
the chief posterior focus (fig. 260, Fj); and again there is a point 
on the optic axis in front of the surface, rays of light from 
which so strike the surface that they are refracted in a line /" 
paraUel with the axis; this point (fig. 260, Fg) is called the chief 
anterior focus. The optic axis cuts the surface at the principal point. 

It is quite ob^dous that the eye is a much more complicated 
optical apparatus than the one described in the figure. It is, 
however, possible to reduce the refractive surfaces and media to 
a simpler form when the refractive indices of the different media 
and the curvature of each surface are known. These data are as 
follows : — 


Index of refraction of cornea . . . . 

„ ,, aqueous and vitreous . 




■ lens 


Radius of curvature of cornea .... 
,, ,, anterior surface of lens 

„ „ posterior 

Distance from anterior surface of cornea to 
anterior surface of lens .... 

Distance from posterior surface of cornea to 
posterior surface of lens .... 

Distance from posterior surface of lens to 
retina 


= 1-37 
= 1 -34 to 1 -36 

_ /I "4 in outer to 1 '45 
~ in inner part. 

= 7 ‘8 mm. 


= 3-6 „ 

= 7-2 „ 
= 15-0 „ 


It is important to note that the cornea plays the greatest - 
part in refraction in man although it is less important in fishes. 
With the aid of glasses a human being can still see quite well after 
the lens has been removed for cataract. 

With these data it has been found comparatively easy' to reduce, 
by calculation, the different surfaces of different curvature into one 
mean curved surface of known curvature, and the differently refract- 
ing media into one mean medium the refractive power of which 
is known. 

The simplest so-caUed schematic eye formed on tins principle, 
suggested by Listing as the reduced schematic eye, has the following 
more important dimensions : — 

^tiua lies behind cornea = aa-saSVmm. 

^e nodal point lies in front of posterior surface of lens . = 0-4764 ,, 

From the nodal point to retina, i.e. focal Jene-th . = iK -4700 

Radius of ideal surface _ , 5 'i 218 , 

The term index of refraction means the ratio of the sine of the 
angle of incidence to that of the angle of refraction ; this is explained 
in the small text beneath fig. 261, 
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1 reduced or simplified eje, the principal posterior focus, 

about 23 mm. behind the spherical surface, would correspond to the 
position of the retina behind the anterior surface of the cornea. The 
ref 1 acting suiface would he situated about midway between the 


N 

1 



Fio. 2G1.— ICP P' is a line which separates two media, the lower one being the denser, and A O is a ray 
of light falling on it, it is bent at O towards the normal or perpendicular line N N'. AO is called 
the incident ray, and O B the refracted ray ; A O N is called the angle of incidence (i), N' O B the 
angle of refraction (r). If any distance O X is measured off along O A, and an equal distance 0 X' 

along O B, and perpendiculars drawn to N N'; then ^7^= index of refraction. , 


posterior surface of the cornea and the anterior surface of the 
lens. 

The optical axis of the eye is a line drawn through the centres of 



curvature of the cornea and lens, prolonged backwards to touch the 
retina between the optic disc and fovea centralis, and this differs 
from the visual axis which passes through the nodal point of the 
reduced eye to the fovea centralis ; this forins an angle of 5 ° with 
the optical axis. But for practical purposes the optical axis and the 
visual axis may be considered to be identical. 
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- The visual or o^ptical angle (fig. 262) is included between the lines 
drawn from the borders of any object to the nodal point.; if the 
lines are prolonged backwards they include an equal angle. It has 
been shown by Helmholtz that the smallest angular distance between 
two points wliich can be appreciated as two distinct-points is 50 seconds, 
the size of the retinal image being 3'65 this is a little more. than 
the diameter of a cone at the fovea centralis which is 3 fx, the distance 
between the centres of two adjacent cones being 4 /x. If the two 
points are so close together that they subtend a visual angle less 
than 50 seconds, usually taken as 1 minute, both images will faU 
upon one cone, and the two points will therefore appear as one. 

The Formation of a Retinal Image. — ^Any object, for example 
the arrow A B (fig. 262), may he considered as a series of points 



Flo. 2C3. — Diagram of the courae of the rays of light, to show how an image is formed upon the retina 
in an accommodating eye. The surface C C should be supposed to represent the ideal curvature. 
In actual fact the rays are re&aoted not only at the cornea, but also at the surfaces of the lens and 
at the vitreous humours. In the unaccommodated eye the point F is on the retina. A and B are 
to be considered points from which rays of light radiate. 

from each of which rays of light diverge towards the eye. Take, 
for instance, the rays 'diverging from the tip of the arrow A; 0 C 
represents the curvature of the schematic or reduced eye; the ray 
which passes through the centre of the lens system, i.e. the nodal 
point, is not refracted (the asterisk in fig. 263), it is near the 
posterior surface of the crystalline lens; the ray A C, wliich is 
parallel to the optic axis 0 O', is refracted tlirough the principal 
posterior focus P, and cuts the first ray at the point A' on the 
retina. The other rays from A meet at the same point to form an 
image. ^Similarly, the other end of the arrow B is focussed at B' 
and rays from all other points have corresponding foci. 

It will thus be seen that an inverted image of external objects is 
formed on the retina. 'The retina is 'a curved screen, but the images 
fall only on a small area of the retina under normal conditions ; 
hence, for practical purposes, this small area ma}’’ he regarded 

The question then arises, Wliy-is it that objects do not appear to 
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US to be upside down ? • This cannot lie satisfactorily answered without 
entering into matters which require a previous psychological train- 
ing. Suffice it to say here that the localisation of objects in space 
depends not only on the retina, but also on tactile and general 
experience , that the mind localises objects with reference to its 
own body, and that from the first it knows nothing of the inversion 
of the retinal image, as its powers of localisation only appear with 
developing general experience. 

The size of a retinal image may- readily be calculated as indicated 
by fig. 262, from a knowledge of the size of the object and its distance 
from the eye (nodal point), the distance of the nodal point from the 
image 6n the retina being taken as 15-5 mm. Thus an object 1 metre 
long and 5 metres from the eye produces an image x times the size of 

15‘5 

the object, which is. + the distance of the object from the cornea, 
15‘5 

z.e. 1000 X = 3 mm. (approx.). In a similar way, by mapping 

out the bhnd spot on a blackboard a given distance away we may 
measure the size of the optic disc. 

Accommodation. 

The power of accommodation is primarily due to an ability to 
vary the shape of the lens ; its front surface becomes more or less 
convex, according as the distance of the object looked at is near or 
far. The nearer the object, the more convex, up to a certain limit, 
the front surface of the lens becomes, and vice versa; the back 
surface takes no share in the production 
of the effect required. The posterior 
surface, which during rest is more convex 
than the anterior, is thus relatively the 
less convex of the two during accom- 
modation. The following -simple experi- 
ment illustrates this point: If a lighted 
candle is held a little to one side of a 
person’s eye an observer looking at the eye 
from the other 'side sees three images of the 
flame (fig.' 264). The first and brightest 
is (1) a small erect image formed by the 
anterior convex surface of the, cornea; the 
second (2) is also erect, but larger and less 
distinct than the preceding, and is formed at the anterior cUnvex 
surface of the lens ; the third (3) is smaller, inverted, and indistinct; 
it is formed at the posterior surface of the lens, which is concave 
forwards, and therefore,' like all concave mirrors, gives an inverted 



Fio. 264. — Diagram showing threa 
reflections of a candle. 1, From 
, the anterior surface of cornea; 
2, from the anterior surface of 
lens ; 8, from the posterior sur- 
face of lens. 
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uuaCTf?. If uow the eye under observation is made to look at a near 
object, the second image becomes smaller, clearer, and approaches the 
first. ' If the eye is now adjusted for a far-point, the second image 
enlarges again, becomes less distinct, and recedes from the first. In 
both cases°the first and third images, remain xmaltered in size, dis- 
tinctness, and position. Tliis proves that during accommodation for' 
near objects the cmwatures of tlie cornea, and of the posterior surface 
of the lens, remain unaltered, while the anterior surface of the lens 
becomes more convex and approaches the cornea. 




Fio. 265.— Diagram of Sanson's images. A, when the eyes are not, and B, when they are focussed for 
near objects. The arrow to the right in A and B is tlie inverted image from the posterior surihce 
ot the lens. 


The experiment is more striking when two bright images (repre- 
sented by arrows in fig. 265) are used; the two images from the 
front surface of the lens clurmg accommodation not only approach 
those from the cornea, but also approach 'one another, and become 
somewhat smaller. (Sanson’s . Images.) Helmholtz’s phakoscope 
(fig. 266) is a box with arrangements for demonstrating this 
experiment. 

Mechanism vf Accommodation . — ^The lens hatdng no inherent 
power of contraction, its changes of outline must be produced by 
some power from without; tiiis power is supplied by the cihary 
muscle. Its action is to di’aw forwards the choroid, and by so 
doing to slacken the tension of the suspensory ligament of the 
lens which arises from it. The' anterior surface of the lens is 
kept flattened by the action of this hgament. The cihar}'^ muscle 
during accommodation, by dhninisliing the tension of this ligament, 
dimi nishes to a proportional degree the flattening of which it is 
the cause. On diminution or cessation of the action of the ciliary 
muscle, the lens returns to its former shape (fig. 267). Prom 
tills it will appear that the eye is usually focussed for distant 
objects. In viewing near objects the ciliary muscle contracts ; the 
cihary muscle relaxes on withdi-awal of the attention from near to 
distant objects. 

During accommodation two other changes take place in the eyes ; 
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(1) The eyes converge owing to the action of -the internal rectus muscle 
of each eyeball. (2) The pupils contract. ■ 



Fio, 268.— Phakoscope of Helmholtz. At B B' are two prisms, by which the light of a candle is con- 
centrated on the eye of the person experimented with, which is looking through a hole in the third 
angle of the box opposite to the window G. A is the aperture for the eye of -the observer. The 
observer notices three double images, represented by arrows, in fig. 265, reflected from the eye 
under examination when the eye is fixed upon a distant object; the position of the images having 
been noticed, the eye is made to. focus a near object, such as a reed pushed up at C ; the images 
from the anterior surface of the lens will then be observed to move as described in the text. 


The contraction of all of the muscles wliich have to do with, 
accommodation, viz., of the ciliary muscle, of the internal recti 
muscles, and of the , sphincter pupillse, is under the control of the 



Fio. 267. — Diagram representing, by dotted lines, the alteration in the shape of the lens 
on accommodation for near objects. (B. Landolt.) 

third nerve. It should further be noted that although the act is a 
voluntary one, the fibres of. the ciliary muscle and of the sphincter 
pupillse are of the plain variety. 


\ 
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The account of accommodation as given in the preceding pages is true for man 
and other mammals, some birds, and certain reptiles. . i 

Beer has, however, shown that in many animals lower m the scale the 
mechanism of accommodation varies a good deal, and is often very different from 
that just described, consisting, in fact, in a power of altering the distance between 

the lens and the retina. . , ^ , r ' u- i. •' r 

In bony fishes, the eye at rest is accommodated for near objects ; m focussing 
for distant objects the lens is drawn nearer to the retina by a special muscle called 
the retractor lentis. In some molluscs the retractor lentis is absent and the 
approach of the lens to the retina is brought about by an alteration of intra-ocular 
tension. In amphibia and most snakes, the eye at rest is focussed for distant 
objects ; in accommodating for near objects the lens, by alteration of intra-ocular 
tension, is brought forward, that is, the distance betiveen it and the retina is 
increased. There appear to be not a few animals in all classes which do not possess 
the power of accommodation at all Indeed Barrett states this ' is so for most 
mammals. 

Range of Distinct Vision. Near-point . — In every eye there is a 
limit to the power of accommodation. If a hook is brought nearer 


m n I 



Fio. 2CS.— Diagram of experiment to ascertain the minimum distance of distinct vision. 


and nearer to the eye, the type at last becomes indistinct, and cannot 
be brought into focus_ by any effort of accommodation, however 
strong. Tliis, which is termed the near-point, can be' determined 
by ScTieiner’s experiment. Two small holes are pricked in ' a card 
with^ pin not more than a-twelfth of an inch (2 mm.) apart; 
at any rate their distance from each other must not exceed the 
diameter of the pupil. The card is held close in front of the eye 
and a small needle Adewed through the, pin-holes. At a moderate 
distance it can be clearly focussed, but when brought nearer, beyond- 
a certain point, the image appears double. This point where the 
needle ceases to appear single is the near-point. Its distance 
from the eye can be readily measured. It is usually about 5 
or 6 inches (13 cm.). In the accompanying figure (fig. 268) tlie 
lens & represents the refractive apparatus of the eye ; e and / the 
two pin-holes in the card, nn the retina ; a represents the position 
of the needle. lYhen the needle is at a moderate distance, the two 
pencils of hght coming tlirough e and/ are focussed at a single point 
on^ the retina nn. If the needle is brought nearer than the near- 
point, the strongest effort of accommodation is not sufficient to focus 
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the t\YO pencils, they meet at a point behind the retina. The effect 
is the same' as if the retina were shifted forward to mm. Two 
images li, g are formed, one from pach hole. . It is interesting to 
note that when two images are produced, the lower one g really appears 
in the position q, while the upper one appears in the position p. 
Tliis may be readily verified by covering the holes in succession. 


Visual Acuity. 


■ In relation to the - visual angle we have seen that unless two 
points are sufiBciently apart they appear as one point on the retina. 
Use is made of this in testing visual acuity. This is done by 
means of test types (Snellen). Each letter is printed within a square 
wliich subtends an angle of 5 minutes at the distance of 6 metres 
(20 feet) at which the normal eye should distinguish the letter — 
and 25 smaller squares into which the square may be divided, 
each subtends an angle of 1 minute. The types are of different 
sizes like the arrows in fig. 265, the largest being that which can 
be distinguished at 60 metres and then follow rows of letters 
wliich should be read at closer distances. 

The acuteness of vision is expressed by a fraction of which 
the numerator is 6 (i.e. the distance from the chart) and the 
denominator, the distance at which the smallest letters should 
be read by the normal eye. Thus normal vision Y ought to 


be Y=^|. A 
6 


subject with poorer vision might be expressed 


as having Y = that is, at 6 metres, the smallest type he can 
lo 

read is 18 or that which ought to be read at 18 metres’ distance. 
By putting appropriate test lenses in spectacle-frames in front 
of the eye, the lenses necessary to bring the vision to normal may 
be found. 

With a person such as a child a method independent of his 
answers is desirable and the method' of retinoscopy is used. This is 
dealt with fully on p. 751. 

Although in detailed work many tests have been elaborated, 
visual acuity is readily studied. 

A most satisfactory test is the power to read print, but in 
patchy disease of the retina (scotoma) it. is often quite remarkable 
what a degree of retinal damage, may be present before there is 
any complaint of failure of vision because the subject learns to 
use unconsciously the healthy part only. 

The near point gives information regarding the power of 
accommodation and indirectly of .the power of the individual to 
discern small objects.' . 
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jSTormal parsons should be able to read the following easily. — 
Line 1 at 20 inches, line 2 at 30, and line 3 at 40 ; but there 
is little doubt that detailed work demands even higher degrees oi 
visual efficiency. Some anthropologists hold that the development 
of ffisual efficiency together with stereoscopic vision has been chiefly 
responsible for the pre-eminence of the primates (Elliot-Smith). 
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Defects in the Optical Apparatus. 

Under this head we may consider the defects known as (1) 
Myopia, (2) Hypermetropia, (3) Astigmatism, (4) Spherical Aber- 
ration, (5) Chromatic Aberration, and (6) Presbyopia. 

The normal (emmetropic) eye is so adjusted that at rest parallel 
rays are brought exactly to a focus on the retina. Hence . all 
objects except near ones (practically all objects more than twenty 
feet off) are seen without any effort of accommodation ; in other 
words, the far-point of the normal eye is at an infinite distance. 
In viewing near objects we are conscious of the effort (the contraction 
of the cihary muscle) by which the anterior surface of the lens is 
rendered more convex, and rays which would otherwise be focussed 
behind the retina are converged upon the retina. 

1. Myopia (short-sight). — ^This defect is due to an abnormal 
elongation of the eyeball. The retina is too far from the lens, 
and consequently parallel rays are focussed, m fo-ont of the retina, 
and, crossing, form little circles on the retina ; thus the images 
of distant objects are blurred and indistinct. The eye is, as it were, 
permanently adjusted for a near-point. Pays from a point near the 
eye are exactly focussed on the retina. - But those which issue from 
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any object beyond a certain distance {fai'-point') cannot be distinctly 
focussed. ^ This defect is corrected by concave glasses which cause the 
rays entering the eye to diverge ; hence they do not come to a focus 
so soon. Suph glasses, of course, are only needed to give a clear 
vision of distant objecta For near objects, except in extreme cases, 
they are not required. 

2. Hypermetropia.— This is the reverse defect. The eyeball 
is too short. Parallel rays are focussed behind the- retina : an 
effort of accommodation is required to focus even parallel rays on the 
retina ; and when they are divergent, as in viewing a .near object, 
the accommodation is insufficient to focus them. Thus, in well- 
marked cases, distant objects require an effort of accommodation, 
and near ones a very powerful effort, and the ciliary muscle is, there- 
fore, constantly acting. This defect is obviated by the use of convex 
glasses, wliich render the pencils of light more convergent. Such 
glasses, are, of course, especially needed for near objects, as in 
reading, etc. They rest the eye % reheving the cihary muscle, from 
excessive work. 

3. Astigmatism. — This defect, which was first discovered by 

Airy, is due to a greater curvature of the eye in one meridian than 
in others. The eye may be even myopic in one plane, and hyper- 
metropic in others. Thus vertical and horizontal lines crossing each 
other cannot both be focussed , at once; one set stands out clearly, 
and the others are blurred and indistinct. This defect, which is 
present in a slight degree in all eyes, is generally seated in 
the cornea, but occasionally in the lens as well ; it may be 
corrected by the use of cylindrical glasses curved only in 

one direction). 

4. Spherical Aberration. — The rays of a cone of light from an 
object situated at the side of the field of vision do not meet all in 
the same point, owing to their unequal refraction ; for the refraction 
of the rays which pass through the' edge of a lens is greater 
than that of those traversing its central portion. This defect 
is known as spherical aberration, and in the camera, telescope, 
microscope, and other optical instruments, it is remedied by the 
interposition of a screen with a circular aperture in the path of the 
rays of light, cutting off all the marginal rays, and only allowing the 
passage of those near the centre. Such correction is effected in the 
eye by the iris, which prevents the rays from passing,, through any 
part of the refractive apparatus but its centre. The image of an 
object will be most defined and distinct when the pupil is narrow, 
the object at the proper distance for vision, and the light abundant ; 
so that, while a sufficient number of rays are admitted, the narrow- 
ness of the pupil may prevent the production of indistinctness of 
the image by spherical aberration. 
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Distinctness of vision is further secured by the pigment of the 
outer surface of the retina, the posterior surface of the iris and ’ the 
ciliary processes, urhich absorbs most of the light which is reflected 
witliin the eye, and prevents its being thrown again upon the retina 
so as to interfere vrith the images there formed. 

5. Chromatic Aberration. — ^In the passage of light through an 
ordinary convex lens, decomposition of each ray into its elementary 
colours commonly ensues, and a coloured mar^ appears around 
the ima<^e, owing to the unequal refraction ‘which the elementary 
colours 'mdergo. In optical instruments this, which is termed 
chrornatiG alerration, is corrected by the use of two or more lenses, 
differing in shape and density, the second of which continues or 
increases the refraction of the rays produced by the first, but by 
recombining the individual parts of each ray into its original white 
light, corrects any chromatic aberration which may have resulted 
from the first. It is probable that the unequal refractive power of 
the transparent media in front of the retina may be the means by 
wliich the eye is enabled to guard against the effect of chromatic 
abeiration. The human eye is achromatic, however, only so long as 
the image is received at its focal distance upon the retina, or so 
long as the eye is properly accommodated. If these conditions 
are' interfered with, a more or less distinct appearance of coloui-s is 
produced. 

From the insufficient adjustment of the image of a small white 
object, it appears surrounded by a sort of halo or fringe. This 
phenomenon is termed Irradiation. It is partly for this reason that 
a white square on a black ground appears larger than a black square 
of the same size on a white ground. The phenomenon is naturally 
more marked when the white object is a little out of focus. 

6. Defective Accommodation — Presbyopia. — This condition is due 
to the gradual loss of the power of accommodation which is an early 
sign of advancing years. In consequence, the person is obliged in 
reading to hold the book farther and farther away in order to focus 
the letters, till at last the letters are held too far for distinct vdsion. 
The defect is remedied by weak' convex glasses. It is due chiefly to 
the gradual increase in density of the lens, which is imable to swell 
out and become convex when near objects are looked at, and also to 
a weakening of the ciliary muscle, and a general loss of elasticity in 
the parts concerned in the mechanism. (Duke-Elder.) 

Retinoscopy. 

The refractive power of a lens is expressed in terms of its . 
principal focal distance ; if this is 1 metre, it is said to have the 
refractive power of 1 diopter (1 D.) ; a lens 2 D. has a focal lencrth of 

O 
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2 ^ a metre, and a lens D. has a focal length of 2 metres, and so on. 
Ihe lenses necessary for correcting errors of refraction in an eye are 
best determined by a simple instrument called a retinoscope j tliis is 
a small circular plane mirror, perforated by a hole in the centre 
through winch the observer looks. If one reflects a spot of light 
fi'om tliis on to a flat' surface, any movement of the mirror produces, 
a movement of the spot of light in the same direction ; if the surface 
selected, however, is the eye of another person, the direction of 
movement of the illuminated spot on the retina may or may not be 
the same as that in which the mirror is moved, according to whether 
the observed eye is normal, hypermetropic, or myopic. If the 
observed eye is just a metre away from the observer, and is 
emmetropic, then as the mirror is tilted from side to side the spot 

moves in the same direction. If a convex lens is placed in a 

spectacle frame in front of the observed eye, the parallel rays which 
emerge from- the retina are brought to a focus and cross before 
reaching the eye of the observer. Then the spot will move in the 
opposite direction to the mirror. A lens of less than 1 D. will not, 
however, accomplish this reversal; a lens of more than 1 D. will. 

So that a lens of 1 D. marks the exact point of reversal. If -the 

observed eye is hypermetropic, the movement of the spot of light is 
also with the mirror, but stronger lenses than 1 D. must be intro- 
duced to get the point of reversal. If thb lens in any particular 
case necessary for this purpose is 5 D., then the error of refraction 
is 4'^D. and spectacles may be ordered accordingly ; for one always 
has to subtract 1 D., since that is required to get reversal with the 
normal eye. 

When the spot of light moves against the mirror’s movements 
from the first, then the observed eye is myopic, and the myopia is 
greater than 1 D. The “ point of reversal ” is determined by intro- 
ducing concave lenses of increasing strength into the spectacle frame 
until the spot moves in the same direction as the mirror ; the degree 
of niyopia is equivalent to the value of the lens which accomplishes 
the reversal 1 D. to allow as before for the normal eye. 

Many people have differences in the refractive error of their two 
eyes; so each should be tested separately. _ If the observed eye is 
astigmatic, the observations are more complicated, and must be made 
in the different meridians of the eye, and the point of reversal 
determined in each meridian by means of suitable cylindrical 
lenses 

* The fiill correction often causes discomfort, and in practice is rarely ordered. 
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Pimctions of the Iris 

The iris has the following two uses ; — 

1, To act as a diaphragm in order to lessen spherical aberration 
in tlie manner just described. This is specially necessary when one 
wishes to obtain a clearly defined image of an object; the pupil 
therefore contracts when accommodation for a near object 'takes 
place. 

2. To regulate the amount of light entering the eye. In a bright 
light the pupil contracts; in a dim light it enlarges. _ This may be 
perfectly well seen in one’s o%vn iris by looking at it in a mirror 
in a poor liglit and then in a bright one. 

The muscle-fibres (unstriped in mammals, striped in birds) of 
the iris are arranged circularly around the margin of the pupil, and 
radiatingly from its margin. The radiating fibres are best seen in 
the eyes of birds and otters; some look upon them "as elastic in 
nature, but there is little doubt that they are contractile. Those 
who believe they are not contractile explain dilatation of the pupil 
as due to inhibition of the circular fibres. But if the. iris is stimu- 
lated near its outer margin at three different points simultaneously 
the pupil assumes a triangular shape, the angles of the triangle 
corresponding to the points stimulated; this must be due to con- 
traction of three strands’ of the radiating muscle ; inhibition of the 
circular fibres would occur equally all round. 

The iris is supplied bythi-ee sets of nerve-fibres contained in 
the ciliary nerves. 

(а) The third nerve via the ciliary ganglion and short ciliary 
nerves supplies the circular fibres (fig. 276, p. 770). 

(б) The cerrical sympathetic supplies the radiating fibres. The 
cilio-spinal centre which governs' them is in the cermcal region of 
the cord. The fibres leave the cord by the anterior roots of the 
first and second thoracic nerve, pass into the cerrical sympathetic, 
and reach the eyeball via the ophthalmic branch of the trigeminal, 
and long ciliary nerves (fig. 276). 

(c) Fibres of the trigeminal nerve which are sensory. 

Certain drugs dilate the pupil. These are called inydriatics; 
atropine is a well-known example. Others cause the pupil to 
contract. These are called myofics ; physostigmine and opium 
(taken internally) are instances. Different drugs act in different 
ways, some exerting their actirity on the muscular, others on the 
nervous structures of the iris, while some act centrally on the 
brain. - 

We may sum up the principal conditions under which the pupil 
contracts and dilates, in the following table : 
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Causes 

Contraction of the Pupil. j 

1. Stimulation of third nerve. 

2. Paralysis of cervical sym- 

pathetic.. 

3. When the eye is exposed to 

light. 

4. When accommodation occurs. 

5. Under the • local inlluence of 

physostiginine. 

6. Under the inlluence of opium. 

7. During sleep. 

8. In chloroform anaesthesia in 

which a- dilated pupil is a 
sign of danger. 


of— 

Dilatation of the Pupil. 

1. Paralysis of the third nerve. 

2. Stimulation of the cervical 

sympathetic. 

3. In the dark. 

4. When the accommodation is 

relaxed. 

5. Under the local influence of 

atropine, Tliis drug also 
paralyses the cihary muscle. 

6. In asphyxia. This is an 

important danger-signal in 
aneesthesia. 

7. The injection of adrenaline. 

8. Under the influence of cer- 

tain emotions^ such as fear. 

9. During pain. 

10. In ether aneesthesia. 


There is a close connection of the centres that govern the activity 
of the two irides. If one eye is shaded hy the hand, its pupil will 
of course dilate, but the pupil of the other eye will also dilate. 
The two pupils always contract or dilate together but may be 
prevented from doing so by local injury to the nerves of one side 
or the local action of drugs. 


Functions of the Retina. 

The retina is the nervous coat of the eye ; it contains the layer 
of nerve-epithelipm (rods and cones) which is capable of receiving 
the stimulus of light, and transforming it into a nervous impulse 
which passes to the brain by the optic nerve. 

The layer of rods and cones is at the back of the other 
retinal layers, which the light has to penetrate - before it can 
affect this layer. The proofs of the statement that -this is the 
layer of the retina which is capable of stimulation by light are 
the following;— 

(1) The point of exit of the optic nerve from the retina, 
where the rods and cones are absent, is insensitive to light, and is 
caUed the blind spot. This is readily demonstrated by what is known 
as Mariotte’s experiment. If we direct one eye, the other being 
closed, upon a point at such a distance to the side of any object, 
that the image of the latter must' fall upon the retina at the point of 
entrance of the optic nerve, this image is lost. If, for example, we 
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close the left eje, and look steadily with the right eye at the dot 
here represented, while the page is held ahont six inches from the 

o + 

eye, both dot and cross are insible. On gi-adually increasing the 
-distance between the page and the eye, still keeping the right eye 
steadily on the dot, it will be found that suddenly the cross dis- 
appeai’s from idew, because its image has fallen on the blind spot j 
on remoidng the book still farther, it comes in sight again. The 
question has arisen why we are not normally conscious of a gap in 
the imatye. We can only say that owing to the spot being blind 
from birth onwards we have come to neglect its blindness. The 
size of the blind spot at a given distance may be- used to measure 
the optic disc (see p. 743). 

(2) In the fovea centralis, in which the layers of the retina are 
thinned down to a minim um, light produces the greatest effect. 
In the macula lutea cones occur in large numbers, and in the fovea 
centralis cones without rods are found, whereas, in the rest of 
the retina wliich is not so sensitive to light, there are fewer cones 
tlian rods. 

(3) If a smaU Lighted candle is moved to and fro at the side of 
and close to one eye in a darkened room, while the eyes look steadOy 
forward on to a dull background, branching Purkinje’s figures 
are seen floating before the eye, consisting of dark lines on a 
reddish ground. As the candle moves, the figure moves in the 
opposite direction, and fi’om its whole appearance there can be no 
doubt that it is a reversed picture of the retinal vessels pro- 
jected before the eye.* This remarkable appearance is due to 
shadows of the retinal vessels cast by the candle; and it is only 
when they are thrown upon the retina in an unusual slanting 
direction that they are perceived. The branches of these vessels are 
distributed in the nerve-fibre and ganglionic layers ; and since the 
light of the candle falls on the retinal vessels from in front, the 
shadow is cast behind them, and hence those elements of the retina 
which perceive the shadows must also lie behind the' vessels. Here, 
then, we have a clear proof that the light-percei^dng elements are 
not the inner, but one of the external layers of the retina; fm-ther 
than this, calculation has shown it is the layer of rods and cones. 
The data for such a calculation are — ^the dimensions of the eyeball, 
the distance of the screen from the eye, the angle through which the 
candle is moved, and the displacement of the figure seen. 

The Function of the Rods and Cones . — The concentration of the 

* Purfiinje’s figures can be more readily seen by simply looking steadily 
down a microscope, and moving the whole instrument backwards and forwards, or 
from side to side, while so doing. 



CH. LVI.] EETINAL CHANGES DUEING AGTIVITT 755 

cones in the macula immediately behind' the centre of the pupii and. 
the fact that each cone has a separate nerve-fibre indicate that the 
cones are concerned with acuity of vision. 

The rods on the other hand are grouped together and are located 
more in the periphery. In birds which fly at night the cones are 
absent. 

Ghang’es in the Retina during Activity. 

The method by which a ray of light is able to stimulate the 
endings of the optic nerve in the retina in such a manner that a 
visual sensation is perceived by the cerebrum is not yet understood. 
It is supposed that the change effected hy the agency of the light 
which falls upon the retina is a physico-chemical alteration in the 
protoplasm, and that this change stimulates the optic nerve-endings. 
A certain temporary reddish-purple pigmentation (visual purple) 
is found in the outer limbs of the retinal rods in certain animals 
(e.ff. frogs). which have been killed in the dark. The visual purple 
is bleached when the retina is exposed to light, and reappears 
when the light is removed, and it also undergoes distinct 
changes of colour when other than white light is used. If the 
operation is performed quickly enough, the bleached image of 
a bright object may be fixed on the retina by soaking the retina of 
an animal which has been killed in the dark, in alum solution. ' 

The visual purple is derived in some way from the black 
pigment (melanin or fuscin) of the polygonal epithelium ’ of the 
retina, since the colour is not renewed after bleaching if the retina 
is detached from its pigment layer. 

Certain pigments, not sensitive to light, are contained in the inner 
segments of the cones. These are oil globules of various . colours, 
red, green, and yellow, and are found- in the retinse of marsupials (but 
not other mammals), birds, reptiles, and fishes. Nothing is known 
about the yellow pigment of the yeUow spot. 

In the lower vertebrates another change produced by the action 
of the light upon the retina is the movement of the pigment 
cells. On being stimulated by light the granules of pigment in the 
cells which overlie the outer part of the rod and cone layer of the 
retina pass into the processes of the cells, which hang down between 
the rods : these melanin or fuscin granules are generally rod-shaped, 
and look almost like crystals. A movement of the cones and 
possibly of the rods also occurs ; in the light the cones shorten, 
and in the dark they lengthen (Engelmann). In mammals rapid 
changes in the size of the pupil appear to make this. unnecessary. 

Eed light has no action on visual purple ; the maximum bleach- 
ing effect takes place in greenish-yellow light. Now, when the living 
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eye. is brought into a condition of “ dark-adaptation,” that is, when 
the retina has become adapted to light of low intensity, the 'colours 
of the spectrum alter in brightness ; the red end becomes shortened 
and much darker ; the blue end becomes brighter, and tlie region of 
maximum brightness is in the green. This change of brightness 
with change of adaptation, known as Purkinje’s phenomenon, is 
absent in the fovea, where there are no rods. The selective action 
of the colours of the spectrum on the visual purple is so strikingly 
similar to the altered conditions of brightness just described that 
changes in the visual purple of the rods have been supposed to be 
the cause of sensations excited by feeble illumination {i.e. in the 
“dark-adapted” eye), while the cones are affected under more 
ordinary conditions of illumination. This conclusion gains support 
from several interesting facts. Visual purple is specially abundant 
in the retinae of almost all animals whose habits are nocturnal, or 
which live underground. Further, if the intensity of a colour stimulus 
is gradually increased, it is at first too faint to produce any sensa- 
tion ; then it produces a sensation of greyness, and at last the colour 
itself is seen; the interval between the appearance ' of the grey or 
white-black effect and of the true colour effect of the stimulus is 
spoken of as the “photo-chromatic interval.” Bed light has no effect 
on visual purple, and has no photo-chromatic interval (that is, it 
appears either red or nothing), and according to several observers, 
there is no such interval at the fovea, where the rods, and therefore 
visual purple, are absent. Thii’dly, a very similar effect has been 
described by M'Dougall, when the retina is momentarily stimulated 
by a coloured light; the sensation arising from the stimulus- is 
followed by a series of “ primary responses ” or after-sensations ; the 
first members of the series have the same colour as the stimulus, 
and these are sometimes followed by a series of colourless (grey) 
sensations ; these grey sensations ai’e only present outside the fovea, 
and under conditions of "dark-adaptation” are absent with red and 
brightest with green stimuli. Here again we are able to differentiate 
between a visual-purple (rod) effect and a cone effect, the former, 
active under conditions of feeble illumination, affected most by green 
and unaffected by red light, and 3delding colourless sensations ; the 
latter being more specially concerned in developing sensations of 
colour under conditions of adaptation to ordinary light. The fovea 
centralis thus becomes the region where the colours of objects are best 
distinguishable, and where with ordinary illumination visual acuity is 
most marked. In the dark, however, extra-foveal (rod) vision is more 
sensitive than foveal (cone) Ausion ; astronomers see faint stars more 
readily in the periphery of the field of vision. (See Hecht, IDSV.) 

Night Vision. — If has long been kno'\vn that many persons suffer from 
varying degrees of inability, to see, in a bad light, but tlie testing of soldiers for 
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nig'ht duties has indicated that minor degrees of the condition are much more 
common than hitherto imagined. It is of great practical importance in those who 
drive vehicles or pilot aircraft at night. A normal person ought to be fully dark- 
adapted in 30 minutes but after the age of thirty it takes longer. The Army 
has adopted an arbitrary standard of a large “ V ” mounted in five different positions 
on a translucent-screen behind which is a small lamp, the light from which can be 
varied. The subject is asked to write down the position of the V’s which he is 
sho^ra one by one. The night vision is recorded as f, 4, 'f, etc., according to the 
number of V’s seen. Night vision may also be recorded in terms of the minimum 
duration of a flash of light which the subject can perceive when dark adapted. 

It has now become apparent that the condition is produced by lack of 
vitamin A. It is suggested that in the dark, vitamin A is transformed by 
combination with protein into visual purple and that light converts the visual yellow 
back into colourless substances and vitamin A. In night blindness benefit may 
accrue from the administration of this vitamin, but experience tvith night fighter 
pilots indicates that there is great individual variation, possibly dependent on 
hereditary factors in. the power to see in a poor light. 

Night blindness may also occur from slight degrees of oxygen want, such as 
prolonged flying at 10,000 feet. This may show itself by an apparent increase in 
the size of the blind spot, presumably because there is an area around it which is 
shaded from light by the radiating fibres of the optic nerve. Pilocarpine also has 
been found an effective' drug in such cases, and this is also interesting because it 
hastens the regeneration of visual purple in the extirpated eye. 

The electrical variations in the retina under the influence of light were 
discovered by Holmgren (1866), and since then have been investigated by 
M'Kendrick and Dewar, Einthoven, Waller, and others. The excised eyeball of 
a frog is led off by non-polarisable electrodes to a galvanometer. One electrode 
is placed on the front, the other on the back of the eye. If the eyeball is quite 
fresh, a current is observed passing through the eyeball from back to front. When 
light falls on the eye this current is increased ; on shutting off the light there is a 
momentary further increase, and then the current slowly returns to its previous 
condition. 

More recently the currents of action in the optic nerve of the eel (which is a 
conveniently tong nerve) have been investigated by Adrian, who has found that 
the general laws appljdng to general sensation are applicable to the currents of 
action set up in the eye. The general law of Weber has been shown to apply, and 
adaptation occurs as in the nerve-endings concerned in pain. 

The limits Divisibility are 3300 A.U. in the violet and 8000 A.U. in the red. 

Duration of Visual Sensations . — The duration of the sensation 
■ produced by a luminous impression on the. retina is always greater 
than that of the impression wliich produces it. However brief the 
luminous impression, the effect on the retina always lasts for about 
one-eighth of a second. Thus, supposing an object in motion, say a 
horse, to be revealed on a dark night -by a flash of lightning. The 
object would be seen apparently for an eighth of a second, but it 
would not appear in motion ; because, although the image remained 
on the retina for this time, it was really revealed- for such an 
extremely short period (a flash of lightning lasting only a millionth 
of a second) that no appreciable movement on the part of the 
object could have taken place in the period during which it was 
revealed to the retina of the observer. The same fact is proved in 
a reyerse way. ' The spokes of a rapidly revoRdng wheel are^ not 
seen'as distinct objects, because at every point of the field of vision 
over which the revolving spokes pass, a given impression has not 



THE EYE AND VISION 


758 


[CH. LVI, 


faded before another replaces it. Thus every part of the interior of 
the wheel appears occupied. 


The stimuli which excite the retina are exceedingly slight ; for instance, the 
minimum stimulus in the form of green light is equal in terms of work to that which 
is done in raising a ten-millionth part of a milligramme to the height of a millimetre, 
and even some of this is doubtless wasted in the form of heat The time during 
which the stimulus acts may be excessively smaU ; thus light from a rapidly rotating 
mirror is visible even when it only falls upon the retina for one eight-millionth part 
of a second. Some physiologists have drawn an analogy between retinal and 
muscular excitations. There is no complete analogy, but the following points of 


resemblance may be noted ; — 



1. The retina, like the muscle, possesses a 
store of potential energy, which the stimulus 
serves to fire off. 

2. Fatigue on action and recovery after rest 
are noticeable in both, 

3. The curve of retinal excitation, like the 
muscle curve, rises not abruptly but gradually 
to its full height, and on the cessation of the 
stimulus takes a measurable time to fall again, 
the retinal impression outlasting the stimulus by 
about one-eighth of a second. 

4. With comparatively slow intermittent 
excitation, the phenomenon known as flicker 
takes place; this may be shown by the slow 
rotation on Maxwell’s machine of a disc painted 
with alternate black and white sectors. This 
roughly corresponds with what in a muscle is 
called incomplete tetanus. 

5. When the rate of stimulation is increased, 
as by increasing the speed of rotation of the disc 
just alluded to f say to twenty or thirty times a 
second) the resulting sensation is a smooth one 
of greyness. This fusion of individual stimuli 
into a cdhtinuous sensation does not by any 
means correspond to the complete tetanus of 
muscle, for the resultant sensation has a bright- 
ness corresponding not to a summation of the 
individual msing sensations, but to a brightness 
which would ensue if the stimuli were spread 
evenly over the surface of the disc. (Talbot’s 
Law.) 


Fio. 269. — The ophthalmoscope. The 

small upper mirror is for direct, the The OphthalmOSCOpe. 

larger for indirect, illumination. ^ ^ 

Everyone is perfectly familiar ■with 
the fact that it is quite impossible to see the fiindics or back of another 
person’s eye by simply looking into it. The interior of the eye forms 
a perfectly black background.* The same remark applies to the 


* In some animals (e.y. the cat), the pigment is absent from a portion of the 
retinal epithelium ; this forms the Tapetum Incidtim. The use of this is supposed to 
be to increase the sensitiveness of the retina, the light being reflected back through 
the layer of rods and cones. It is probably the case that these animals are, able 
to see clearly witli less light than we can, hence the popular idea that a cat can see 
in the dark. In fishes a tapetum lucidum is often present; here the brightness 
is increased by crystals of guanine. 
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difficulty W0 experience in seeing into a room from the street through 
the window unless the room is lighted within. In the eye this fact 
is partly due to the feebleness of the light reflected from the retina 
most of it being absorbed hy the retinal pigment ; but far more to the 
fact that eA'-ery such ray is reflected straight to the source of light 
(e.y. candle), and cannot, therefore, be seen by the tmaided eye with- 
out intercepting the incident light from the candle as well as the 
reflected rays from the retina. This difficulty is surmounted by the 
use of the ophthalmoscope. 

The ophthalmoscope was invented by Wharton Jones, forgotten, 
then reinA^'ented by Helmholtz; as a mirror for reflecting the light 
into the eye, he employed a bundle of thin glass plates ; this mirror 
was transparent, and so he was able to look through it in the same 
direction as that of the rays of the light it reflected. 

In its most modern form a concave mirror is mounted on a 
handle, and is perforated in the centre by a small hole through 
which the observer can look while the light is supplied from, a small 
electric bulb in the handle of the instrument. 


_ The methods of examining the eye with this instrument are — the direct and the 
indirect : both methods of investigation should be employed. A drop of a solution 
of atropine sulphate (two per cent.) or of homatropine hydrobromide should be 
instilled' about twenty minutes before the examination is commenced ; the ciliary 
muscle is thereby paralysed, the power of accommodation is abolished, and the 
pupil is dilated. This will materially facilitate the examination ; but it is quite 
possible to observe all the details to be presently described without the use of 
such drugs. The rooni being now darkened, the observer seats himself in- front 
of the person whose eye he is about to examine, placing himself upon a some- 
what higher level. Let us suppose that the right eye of the patient is being 
examined. If the instrument is not supplied -witli an electric light, a brilliant and 
steady light is placed close to the left ear of the patient. 

Direct method. — Taking the small mirror in his right hand, and looking 
through the central hole, the operator directs a beam of light into -the eye of the 
patient. A red glare is seen, due to the illumination of the retina. The patient is 
‘then told to look at the little finger of the observer’s right hand as he holds the 
mirror ; to effect this the eye is rotated somewhat inwards, and at the same time the 
retina changes from red to a lighter colour, owing to the reflection from the optic disc. 
The observer now approximates the mirror, witli his eye to the eye of the patient, 
taking care to keep the light fixed upon the pupil so as not to lose the reflex. At 
a certain point, which varies with different eyes, but is usually reached when .there 
is an interval of about two’or three inches between the observed and the observing 
eye, the vessels of the retina become visible. Examine carefully the fundus -of the 
eye, i.e., the red surface — until the optic disc is seen; trace its circular outline, and 
observe the .small central white spot, the porus opticus, or physiological pit : near 
the centre is the central artery of the retina breaking up upon the disc into 
branches; veins also are pfesent, and correspond roughly to the course of the 
arteries. Trace the vessels over the disc pn to the retina. Somewhat to the outer 
side, and only -visible after some practice, is the macula or yelloio spot, which 
appears red with the ophthalmoscope, with the smaller lighter-coloured /oaea centralis 
in its centre. This constitutes the direct method of examination ; by it the various 
details of the fundus are seen as they really exist, and it is tliis method which 
should be adopted for ordinary use (fig. 270). - 

If the observer is myopic or hypermetropic, he will be unable to employ the 
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direct method of examination until he has remedied his defective vision by the use 
of proper glasses. 

In the Indirect method the patient is placed as before, and the operator holds 
the large mirror in his right hand at a distance of twelve to eighteen inches from the 
patient’s right eye. At the same time he rests his left little finger lightly upon the 
patient’s right temple, and holding a convex lens between his thumb and forefinger, 
two or three inches in front of the patient’s eye, directs the light through the lens 


Fig. 271.— The course of the light in examining the eye by the direct method. (T. G. Brodie.) 

into the eye. The, red reflex, and subsequently the white one, having been gained, 
the operator slowly moves his mirror, and with it his eye, towards or away from the- 
face of the patient, until the outline of one- of the retinal vessels becomes visible, 
when very slight movements on the part of the operator will suffice to bring into 
view the details of the fundus above described ; more of the retina is seen at a time, 
but the image will be much smaller and inverted. The appearances seen are 
depicted in fig. 270. The lens should be kept fixed at a distance of two or three 
inches, the mirror alone being moved until the disc becomes visible : should the 
image of the mirror, however, obscure the disc, the lens may be slightly tilted. 



Fig. .272. — The course of the light in examining the eye by the indirect method. (T. G. Brodie.) 


Figures 271 and 272 show diagrammatically the course of the rays of light 
Fig. 271 represents what occurs when employing the direct method. S is the 
source of light, and M M the concave mirror wth its central aperhire, which reflects 
the rays ; these are focussed by the eye E, which is being examined, to a point 
in the vitreous humour, and this produces a diffuse lighting of the interior of the 
eyeball. Rays of light issuing from the point p emerge from tlie eye parallel to 
one another, and enter the observer’s eye E* ; they are brought to a focus p^ on the 
retina as the eye is accommodated for distant vision. Similarly the point m and 7i 
will give, rise to images at and respectively. 

Fig. 272 represents what occurs in examining the eye by the indirect method. 
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^ M M' the mirror, E the observed, and the observing 

I-’® reflected from the mirror and form an image 

at 0 ; they then diverge and are again made convergent by the lens L held in front 
of the eye by the observer; by this means a second image is focussed just behind 
the. crystolhne lens of the eye E. They then again diverge and diffusely light up 
tu eyeball. The rays of light reflected from two points i and 7n on 

Idle retina diverging from the eye are refracted by the glass lens L, and give an 
inverted real image ji wj larger than tlie object i m. These latter rays then ^verge, 
and are collected and focussed by the observing eye E^ to give an image t- vi~ on 
the retina. 


The Perimeter. 


This is an instrument for mapping out the field of vision. It 
consists of a graduated arc, winch can be moved into any position, 



Fio. 273.— Priestley Smitli’s perimeter. 


and which when rotated traces out a hollow hemisphere. ’ In the 
centre of this the eye under examination is placed, the other eye 
being closed. The examiner then determines on ther surface of the 
hemisphere those, points at which the patient just ceases or just 
begins to see a small object moved along the arc of the circle. These 
points are plotted out on a chart graduated in degrees, and by con- 
necting them the outline of the field of vision is obtained. 

Fig. 273 shows one of the forms of perimeter very generally 
employed, and fig. 274 represents one of the charts provided with the 
instrument.^ The dark line represents the normal average ^field^ of 
vision for the right eye. It will he_ seen that the field of vision 
is most extensive on the outer side ; it is less on the inner side 
because of the presence of the nose. Considerable personal variation 
occurs. The hhnd spot may also be mapped out. 

* By the use of illuminated objects in a dark room stfll more detail may be 
obtained and even the paths of the retinal arteries made out. (Livingston.) , 



762 the ete'ahd vision , [ch._lvi. 

By the use of the same instrument, it is found that the colour 
of a coloured object is not' distinguishable at the margin, but only 
towards the centre of the field of vision, hut there are differences 
for' different colours; thus a blue or yellow object is seen to he' 
blue or yellow over a wider field than a red or green one. 

In disease of the optic nerve, ‘contraction of the field of vision 
for white and coloured objects is found. This often occurs before 
any change in the optic nerve is discoverable by the ophthalmoscope. 

o 



Fiq. 274. — Perimeter chart shoiving average fields of vision for white and three colours. The outer 
limit of the colours is shown, but they all overlap towards the centre. The dark area is caused 
by the nose, etc. 

The yellow" spot of one’s own eye can be rendered etddent by 
what is called Clerk-Maxwell’s experiment: — On looking through a 
solution of chrome-alum in a bottle with parallel sides, an oval 
purplish spot is seen in the green colour of the alum. This is due 
to the pigment of the yellow spot. 

Visual Sensations. 

Visual sensations are of two kinds, colour sensations and- colour- 
less sensations. Colour sensations differXl) in hie, for instance, blue, 
red, yellow ; (2) in saturation, for instance, pale gi’een and full green ; 
this depends upon the degree of admixture with white light ; and (3) • 
in intensity, for instance, a weak sensation or a strong sensation. 
These differences are in part dependent respectively on the length, 
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the purity, ancl the' amplitude of the light-wave; but they are also 
dependent on the local or general condition of the cerebro-retina] 
apparatus at the time of stimulation. Colours also differ (4) in 
brightness or luminosity ; this is a purely psychological quality 
devoid of any known physical counterpart. The brightness of a 
colour may be measured by determining the shade of grey to which 
it appears equivalent. Even the most saturated colours' (for 
instance, yellow and blue) have different degrees of brightness. 

Colourless sensations include the grey series from the deepest 
black to the most blinding white. 

If a ray of sunlight is allowed to pass through a prism, it is 
decomposed by its passage into rays of different colours, which are 
called the colours of the spectrum; they are red, orange, yellow, 
green, blue, indigo, and violet. The red rays are the least turned out 
of their course by the prism, and the violet the most, whilst the other 
colours occupy in order places between these two extremes. The 
differences in the colour of the rays depend upon the rapidity of 
vibrations producing each, the red rays being the least rapid 
and the violet the most. In addition to these, there are other rays 
which are invisible but which have definite properties ; those to the 
left of the red are less refrangible, being the infra-red or calorific 
rays which act upon the thermometer, wliile those to the right 
of the violet, which are called the actinic, or ultra-violet rays, 
have a powerful chemical action. 

White light may be built from its constituents in several ways, 
for instance, by a second prism reversing the dispersion produced by 
the first, or by causing the colours of the spectrum to fall on the- 
retina in rapid succession. The best way to study the effects of 
compounding successive colour stimuli is by means of a rapidly 
revolving disc to which two or more coloured sectors are fixed. 
Each colour is viewed in rapid succession, but owing to the per- 
sistence of retinal impressions, the constituent colour stimuli give a 
single sensation of colour. 

A colourless sensation can be produced by the mixture of three 
colours, or even of two colours in certain hues and proportions. 
These pairs of colours, of which red and greenish-blue, orange and 
blue, and violet and yellow are examples, are called complementary. 


Thus blue and orange, when rotated on the colour-wheel, produce a colourless 
sensation ; but it is well known that a mixture of blue and orange paint gives green. 
This is explained on the supposition that the colours used are not pure and that 
each contains green ; the true blue and orange present neutralise each other to 
produce white, and thus green is the only colour sensation obtained. 
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Colour Vision. , 

All visual sensations show the usual peciiliarities of sensations, 
that is, they possess differences in quality, in intensity ’and in 
position. The intensity factor' is related to the frequency of 
impulses up the optic nerve. The position depends upon the 
pattern formed on the retina and on stereoscopic vision. The 
quality remains to be considered. _ , 

The visual sensations can be analysed psychologically into six 
distinct ones, namely, white, black, blue, green, yellow and red. 
This means that we canno't recognise any mixtm’e in these 
sensations, but we can analyse other colours into them, e.g., blue- 
green is a combination of blue with green. 

The physical cause of ^dsual sensations consists of radiations of 
certain wave-lengths forming the visible spectrum or light. Certain 
sensations cannot be produced by any single part of the spectrum. 



Fio. 275 . — Diagram of the three-primarj" colour sensations. (Toung-Helmholtz 
theory.) 1 is the red ; 2, green, and 3, violet primarj- colour-sensation. 
The lettering indicates the colours of the spectrum. The diagram 
indicates by the height of the curve to what extent the several primary 
sensations of colour are excited by vibrations of diUerent wave-lengths. 


The sensation of black is produced by a relative deficiency of 
stimulation and the sensation of wliite can be aroused by selected 
stimuli froiri two or more parts of the spectrum up tb the whole 
of the spectrum of selected light sources. Thus we see that 
a imitary' sensation is not necessarily related to a homogeneous 
stimulation. ' 

With the exception of black and shades of colours with it all 
colour sensations can be aroused by using mixtures obtained from 
three selected regions of the spectrum and the ones- selected are 
usually red, green and blue (or violet). This fundamental relation- 
ship led Young to suggest that there were three sets of nerve fibres, 
one set for each of the three selected colour sensations. This 
trichromatic theory was elaborated by Helmholtz who added the 
idea that there were three photosensitive substances in the retina 
w'hich were acted upon to different degrees by the various parts of 
the spectrum. Up to the present only one photosensitive substance 
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(visual purple) has been demonstrated, and it is acted upon by the 
whole of the visible spectrum in a comparable degree to the 
sensitivity of the eye to light. 

A rival theory proposed by Hering is based on psychological 
considerations. It can be disproved in relation to the sensation of 
yellow. According to Hering’s hypothesis the yellow sensation is 
due to a cancelling of photo-chemical effect when stimuli corre- 
sponding to red and to green are balanced on the retina. As a 
sensation of yellow can be produced by binocular fusion in which 
one eye is stimulated to give a red sensation and the other to give 
a green one, this balancing cannot be in the retina but beyond the 
optic chiasma. 

The. Young - Helmholtz hypothesis described earlier is not 
satisfactory in explaining red-green confusion. At present the only 
modification of Young’s hypothesis which, according to Eoaf, seems 
most satisfactory is based on the presence' of coloured globules in' 
the retinae of. amphibians, reptiles, birds and marsupials. Each of 
these globules is in front of a. cone so that that cone can be 
stimulated only by that portion of the sy)ectrum which passed 
through the coloured globule. -Unfortunately, these globules have 
never been described in the retina of mammals. On the other 
hand, many mammals may have defective colour vision. (See Eoaf.) 

Defective Colour Vision. — Defective colour vision may be due 
to disease of the eye, but the commonest form is congenital; The 
defect in the usual type is a failure to distinguish the parts of 
the spectrum in the region which gives rise to the sensation of 
yellow. A common defect is a failure, to distinguish red from 
green, but different types of defective colour vision are seen 
(see Plate facing p. 766). • 

C. J. Burch found that by exposing the eye to. bright sunlight in the focus of 
a burning-glass behind transparent coloured screens, it is possible to produce 
temporary colour-blindness. After red light, the observer is for some minutes red- 
blind, scarlet geraniums look black, yellow flowers green, and purple flowers violet. 
After violet light, violet looks black, purple flowers crimson, and green foliage 
richer than usual. After light of other colours, corresponding effects are produced. 
If one eye is made purple-blind, and the other green-blind, all objeets are seen in 
their natural colours, but in exaggerated perspective, due to the difBculty the brain 
experiences in combining the images from the two eyes. 

By using a brightly illuminated spectrum, and directing the eye to certain of its 
colours, the eye in time becomes fatigued and blind for that colour, so that it is no 
longer seen in the spectrum. Thus, after green blindness is induced, the red 
appears to meet the blue, and no green is seen. If, however, the eye is exposed to 
yellow light, it does not similarly become blind for yellow only, but for red and 
green too. ' This supports the Young-Helmholtz theory, that the sensation yellow 
is one compounded of the red and green sensations. By an exhaustive examination 
of the different parts of the spectrum in this way it thus becomes ppssible to 
differentiate between the primary colour sensations and those which are compound. 
By a study of this kind, Burch concluded that the phenomena of colour TOion are 
in accordance with the Young-Hehnholtz theory, with the important addition that 
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there is a fourth primary colour sensation, namely, blue. He could not discover 
that colour sensations are related to each other in the sense indie itea by Bering. 
Each may be exhausted without either weakening or strengthening the others. 
These observations were confirmed by examining in a similar way the colour 
sensations of seventy other people, but there are individual differences in the 
extent to which the colour sensations overlap. 

Edridge-Green aims at describing facts rather than theories. Normal people 
are hexachromic, i.e., they can name six colours (and eighteen shades) in the 
spectrum; a few people are more expert and can see a seventh colour — indigo 
between blue and violet, and can distinguish more shades. Colour-blind people 
may be (a) those who can see the whole spectrum and cannot distinguish its 
colours; some can see only two colours in it; (6) those who cannot see either the 
red or the violet end, but can nevertheless discriminate the colours in the parts 
that are visible; and (c) those who combine both defects. There may be all 
grades of these defects. The colour-blind person is usually a dichromic and can 
distinguish only the two ends of the spectrum as different colours ; if this is com- 
bined with a shortening of the red end, the defect is more pronounced and more 
dangerous; others are trichromic and can distinguish red, green, and violet; 
between this and the normal there may also be tetra- and pentachromic people. 

How subjects suffering from defective colour vision may view the same object 
is shown by the Edridge-Green parrots (facing). 

Tests for Oolour-Elindness.— -This red-green confusion is of 
practical importance as coloured signals must be recognised by 
railway and marine employees, and to a certain extent by motor 
drivers. 

The most practical test is the use of a lantern showing coloured 
lights, the importance of which was demonstrated by Edridge-Greeu; 

As colour recognition depends upon the intensity, area stimulated 
and duration of exposure, these factors should be considered,' and 
for proper testing small apertures at a suitable distance must be 
employed. Matching colours as in Holmgren’s wool test is not 
satisfactory, as the texture, luminosity, etc., furnish ancillary means 
of dis'tinguishing one object from the other. If such tests are 
employed the materials should be of wool, silk, etc., mixed so that 
the surface reflexions will confuse the examinee. 

A very simple and reliable method is to use pseudo-isochromatic 
plates, that is, flgures on which numbers or letters can be detected 
by differences in colour, but the colours are so chosen that the 
person with defective colour vision fails to see the pattern 
jeeo^ised by the normal person but may see quite a different 
outline. The best of these is that of Edridge-Green, in which the 
colours are formed of spots which differ in size and purity as well 
as in hue, so that the recognition of the object can be only by the 
difference in hue. 

A number of similar card tests, notably those of Ishihara, have 
been introduced, but are not so satisfactory for testing all varieties 
of colour blindness. . 

Aftev-Images . — These are the after-effects of retinal excitation, 
and are divided into positive and negative. Positive after-images 
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1. A parrot as coloured by a normal person. 

2 and 3 are illustrations ofitlie same parrot coloured by men who saw only two colours. In 2, the green wings 
have become browny-ivd ami the red part of the tail feathers green. In 3, there are no reds. Both men 
would confuse traffic siwials. 

In 4, the artist had three-cmbur vision — he saw only red, green and violet. He saw yellow as red when it was 
next to green, but saw itVs green when it was next to red. 



Fio. 270. — Normal fundus of average tint. Reproduced by permission from the original 
drawing in Jlay and Worth’s Disiases of the Eye (Bailliere, Tindall & Cox). 


Face pay!: 7C0. 




II. 



Plate to illustrate simultaneous and successive contrast. 


For explanation see text. 


[Fact page 766. 
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resemble -the original image in distribution of brightness and 
colortr. In negative after-images bright parts appear dark, dark 
parts bright, and- coloured parts in the complementary colours. 

If a bright white object is looked at, and the eyelids are then 
closed,_a positive after-image is seen which fades gradually, but as it 
fades it passes through- blue, violet, or red to orange; according to 
the Yoimg-Helmholtz theory, tliis is explained on the hypothesis 
that the excitation does not decline with equal rapidity in the three 
colour terminals. A" positive after-image is readily obtained by 
momentarily looking at a bright object, e.g. -a window, after waking 
from sleep. Negative after-images may be seen either by closing 
the eyes or by turning’ them to a uniform grey surface after viewing 
an object steadily. If the object looked at is coloured, the negative 
after-image seen upon such a background is in its complementary 
colour; this is explained by the Young-Helmholtz theory, on the 
supposition that the colour-perceiving element for the colour looked 
at is the most fatigued, and the terminals for its complementary 
colour least fatigued. On the Hering theory, one colour produces 
anabolic or katabolic effects as the case may be ; on withdrawing the 
eye from stimulation by that particular colour, the opposite phase of 
metabolism takes place and produces the complementary colour. 

Siviultaneous and, Successive Contrast. — Negative after-images are 
frequently spoken of as phenomena of successive contrast. The 
phenomena of simultaneous contrast are well, illustrated by the 
four figures of ’the accompanying Plate. In all these figures the 
oblong grey strip is actually of the same brightness. This can easily 
be proved by screening from view the surrounding parts of the 
figures, which cause the greys to appear different. The grey in I 
appears darker than that in II, while the grey in III appears 
yellowish, and in lY reddish. If these effects are not sufficiently 
obvious, they immediately become so when the’ entire surface is 
covered over with a sheet of thin tissue paper.' 

Figs. I and II are examples of brightness contrast ; Figs. Ill 
and IV of colour contrast. The effects of these two varieties of 
simultaneous contrast may be stated thus : a given grey object looks 
darker when viewed against a bright background than when viewed 
against a dark background; when the background is coloured, it is 
tinged with the complementary colour of the former. 

Nelmholtz attributed the effects of simultaneous contrast to 
errors of judgment, and not to altered conditions of the retinal 
apparatus.* Put there can be no doubt that simultaneous contrast 
has as simple a sensory origin as successive' contrast (negative after- 

* By “ retina ” here and elsewhere we mean ‘‘ cerebro-retinal apparatus.” We 
have no knowledge of the precise share of retina and brain in the development of 
visual sensations and after-sensations. ' 
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images). For if either of the two lower figures of the Plate is care- 
fully fixated for about a minute (fixation of the central dot will 
help to prevent involuntary movements of the eyes), and if the 
gaze is then transferred to a spot on a sheet of white or grey paper, 
not only will the outer squares appear in their , complementary 
colour, but also the grey strips will appear tinged, now likewise in a 
complementary colour. So, too, if* a point midway between Pigs. I 
and II is fixated, and the Plate held at a sufficient distance for 
both figures to be simultaneously visible, the after-image of the grey 
strip of II will appear darker than that of I. 

Seeing that simultaneous contrast persists in after-images, and 
seeing how generally recognised are its effect's (for instance, by the • 
painter, who depicts in Uue the shadows cast by an object on the yeUow 
sand), it seems far more probable that the part played by the higher 
mental processes consists, not, as Helmholtz supposed, in causing the 
illusion, but in reducing or overcoming it. According to this view, 
experience educates us to see objects in what we know to be their 
real colour, instead of in the colour which would result from the 
operation of simultaneous contrast. Some support is lent to this 
view by the fact that contrast is much enhanced when all irregu- 
larities are, as far as possible, eliminated from the surface of the 
object (here, the grey oblong) in which the contrast colour is 
induced, or when that object is made to appear, e.g. by covering the 
whole with tissue paper, to combine with the object (the coloured 
square) which induces the contrast colour, so as to form an apparently 
single object. On the other hand, colour contrast is very markedly 
reduced, if the grey object is outlined in pencil on the tissue paper 
through which it is viewed. Thus, whatever tends to the apparent 
independence of the object in which the contrasting colour is induced 
tends to the reduction of the contrast effect. 

Insisting on the sensory nature of simultaneous contrast, Hering 
explained it in the following way. He supposed that excitation 
of an area of the retina by a stimulus of given colour or brightness 
simultaneously induces an opposite metabolic process in the same 
colour apparatus in neighbouring areas of the retina. "^Vlien, for 
example, a part of the retina is being stimulated by blue, the 
anabolic change thus evoked in the yellow-blue apparatus simultane- 
ously is supposed to induce a katabolic change in the same apparatus 
in the neighbouring retinal area wliich is being excited by a grey 
stimulus. Consequently, the grey acquires yellowish tinge. 

Binocular Colour-mixture . — By means of the stereoscope, binocular 
combinations of colour can be obtained. Thus, if one eye is exposed 
to a red disc, and the corresponding portion of the other eye to a 
yeUow one, the mind usually perceives one disc of an orange tint; 
,but frequently, especially if there be differences of brightness or of 
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form .in the two objects, we notice that “rivalry of the fields of 
vision occurs, first one then the other disc rising into consciousness. 
A stereoscopic combination of black and white produces the appear- 
ance of metallic lustre ; tliis is very beautifully shown with figures of 
crystals, one black oh a white ground, the other white on a black 
ground. The combination of black and white is interpreted as 
indicating a polished surface, because a polished surface reflects 
rays irregularly, so that the two' eyes receive stimuli of unequal 
intensity. 

' Refeuence. — Roaf. 


Nervotis Paths connected with Vision. 

The correspondence of the two retinee and of the movements of 
the eyeballs is produced by a close connection of the nervous centres 
controlling these phenomena, and by the arrangement of the nerve- 
fibres in the .optic nerves. The crossing of the nerve-fibres at the 
optic chiasma is incomplete, and the next diagram (fig. 276) gives 
a simple idea of the way the fibres go. 

It will be seen that it is only the fibres from the inner portions 
of the retinas that cross; and that those represented by shaded 
paths from the right side of the two retinae ultimately reach the right 
hemisphere, and those represented by darker lines from the left 
side of the two retinae ultimately reach the occipital cortex left 
hemisphere. The two halves of the retinae are not, however, 
separated by a hard-and-fast line from one another; the two 
halves slightly overlap, which means the central region of each 
retina is represented in each hemisphere. It has been found 
that the macula is represented by a relatively large area on the 
cortex. 

By studying the action potentials set up in the occipital cortex 
when narrow beams of light are shone upon the different parts of 
the retina, it» has been found that each part has a spatial repre- 
sentation in the cortex ; that is to say, a beam of light Of a certain 
shape would set up impulses in an area of a similar shape on the 
cortex. See . also “ The Sensory Areas of the Cerebral Cortex,” 
p. 639. 

Big. 276, though diagrammatic, will assist the reader in more 
fully comprehending the paths of Ausual impulses, and the central 
connections of the nerves and nerve-centres concerned in the process. 
The fibres from the retina to the external geniculate body end there 
by arborising round its cells, and a fresh relay of fibres from these 
cells passes in the posterior part of the internal capsule to the 
cortex of the occipital lobe. Those to the superior corpus quadri- 
geminum are continued by a fresh relay to the nuclei of the 

2 B 
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nerves concerned in eye-movements (represented by the oculo-motor 
nucleus in the diagram) ; the axons of the cortical cells pass to the 
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Fjo. 276.— Diagram to show the paths of the nervous impulses concerned in sight, also 
those connected with the innervation of the pupil. (From McDowall's The Science of 
Signs and Symptoms.) 


tegmentum, whence a fresh relay continues the impulse to the oculo- 
motor nucleus. 


The Reflexes of the Eye. 

The reflexes in the region of the eye are not only of physiological 
interest, hut not infrequently of valuable diagnostic significance. 

The Oonjimctival Reflex. — This reflex is designed to protect the 
cornea from injury, and has for its afferent path the fifth nerve and 
its endings in the conjimetiva. When this path is stimulated the 
impulse passes backwards to the Gasserian ganglion, and thence 
via the pons to the oculo-motor nerve, which brings about closure 
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of the eyelid. If the stinralation is sulhciently severe, the nucleus 
of the seventh nerve is also stimulated, producing constriction of 
the orbicularis palpebrarum. 

Reflex closure also occurs if a blow is seen coming towards the 
eye, but in this instance the path must depend on association fibres 
between the optic tract with which the optic nerve is continuous and 
' the nuclei of the third and seventh nerves. 

The Light Reflex. — By the light reflex the retina is protected 
from an excessive or dangerous amount of light. It is a true reflex, 
the afferent path being the optic nerve and tract to the superior 
colliculus and to the pretectal transitional area between the 
thalamus and mid-brain where they synapse. Some second neurones 
(Meynert’s fibres) cross in the posterior commissure to reach the 
Edinger-Westphal division of the nucleus of the third nerve and some 
go direct (see fig. 276). It seems likely from the action of atropine, 
that the fibres of the third nerve which supply the iris sphincter 
-.are really parasympathetic in nature, although they have their 
origin in close association with the nucleus of the third nerve in 
the floor of the aqueduct of Sylvius. Atropine is known to paralyse 
all parasympathetic activity. 

It is important to remember the bilateral nature of the stimulus 
in any attempt to elicit the reflex. The stimulus for each pupil 
arises from half the retina of both sides. To obtain the reaction, 
both eyes must be shaded and one suddenly uncovered, when, if the 
'patient has been asked to look towards the light, the pupil is seen 
to contract. 

In tabes, and general paralysis, the absence of the light reflex 
with the retention of the reaction to accommodation — the so-called 
Argyll-Eobertson pupil — is often obtained. It will be seen from 
fig. 276 that such a condition can be brought about by degeneration 
of Meynert’s fibres which cuts off the efferent from the afferent 
neurone in the light reflex. It is clear from the figure that it is 
necessary to keep the eye not under investigation covered, for the 
' third nerve nucleus may be influenced by impulses reaching it from 
both eyes. 

The Reaction to A.ccommodation, although strictly speaking not 
a reflex, is commonly investigated with the reflexes of the eye. 
It is really a motor . movement associated with convergence, and 
designed' to cut off those parts of the field of vision less accurately 
focussed. More detailed images are produced by focussing on the 
macula which is straight behind the 'centre of the pupil. As the 
mechanism of accommodation is so closely related^ to^ that of 
refraction, it has been considered in relation to “Vision. 
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Visual Judgments. 

The psychical or mental processes which constitute the visual 
sensation proper have been studied, to a far greater degree than is 
possible in connection with other forms of sensation. 

We have already seen that in spite of the inversion of the 
image in the retina, the mind sees objects in their proper position 
(see p. 743). _ ' _ 

We are also not conscious of the blind spot. This is partly due 
to the fact that those images which fall on the blind spot of one eye 
are not focussed there in the other eye. But even when one looks 
at objects with one eye, there is no blank, for the reason explained 
on p. 754. 

Our estimate of the size of various objects is based partly on the 
visual angle (p. 742) which they subtend, but much' more on the 
estimate we form of their distance. Thus a lofty mountain many 


A • B 







n 





/ 



\ 


Flo. 277. — Diagrams to illustrate how a judgment of a figure of three dimensions is obtained. 

miles off may be seen under the same visual angle as a small hill 
near at han^ but we infer that the former is much the larger 
object because we know it is much farther off than the hill. Our 
estimate of distance is, however, .often erroneous, and consequently 
the estimate of size also. Thus persons seen walking on the top of 
a small hill against a clear twilight sky appear unusually lai^e, 
because we overestimate their distance, and for similar reasons 
most objects iu a fog appear immensely magmfied. 

The action of the sense of vision in relation to external objects 
is, therefore, quite different from that of the sense of touch. The 
objects of the latter sense are immediately present to it; and 
our own body, with which they come in contact, is the measure of 
their size. , The part of a table touched by the hand appears as large 
as the part of the hand receiving an impression from it, for the part 
of our body in which a sensation is excited is here the measure by 
which we judge of the magnitude of the object. In the sense of 
vision, on the contrary, the images of objects are mere- fractions of 
the objects themselves, realised upon the retina, the extent of which 
remains constantly the same. • But the mind, into wMch the 
sensations of vision are incorporated, invests the images of objects. 
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together with the whole field of vision in the retina, with verj 
varying dimensions ; the relative size of the image in proportion to 
the whole field of vision, or of the affected parts of the retina to the 
whole retina, alone remains unaltered. 

The estimation of the form of bodies hy sight is the result partly 
of the mere sensation, and partly of the association of ideas. Since 
the forni of the images perceived by the retina depends wholly on 
the outline of the part of the retina affected, the sensation alone is 
adequate to the distinction of superficial forms from each other, as of 
a square from a circle. But the idea of a solid body, such as a 
sphere, or a cube, can only be attained by the, action of the -mind 
constructing it from the different superficial images seen in different 
positions of the eye with regard to the object, and, as shown by 
Wheatstone and illustrated in the stereoscope, from two different 
perspective projections of the object being presented simultaneously 
to the mind by the two eyes. 

A . B C 


D 



Fia. 278. — Diagmois to iMustrate visual illusions. 


Thus, if a cube is held at a moderate distance before the .eyes, 
and viewed with each eye successively while the head is kept 
perfectly steady, A (fig. 277) will be the picture presented to the 
right eye, and b that seen by the left eye. Wheatstone has shown 
that on this circumstance depends in a great measure our conviction 
of the solidity of an object, or of its projection in relief. If different 
perspective drawings of a solid body, one representing the image 
seen by the right eye, the other that seen by the left (for example, 
the drawings of a cube, a, b, fig. 27*7), are presented to corresponding 
parts of the two retiuse, as may be readily done by means of the 
stereoscope, the mind will perceive not merely a single representa- 
tion of the object, but a body projecting in relief, the exact counter- 
part of that from which the drawings were made. 

By transposing two stereoscopic pictures a reverse effect is pro- 
duced; the elevated parts appear to be depressed, and vice versa. 
An instrument contrived with this purpose is termed a psendoscope. 
Viewed with this instrument a bust appears as a hollow mask, and 
as may readily be imagined the effect is most bewildering. 

The clearness with which the details of an object are perceived, 
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irrespective of accommodation, would appear to depend largely on 
the number of rods and cones which its retinal image covers. Hence 
the nearer an object is to the eye (within moderate limits) the more 
clearly are all its details seen. Further, if we want carefully to 
examine any object, we always direct the eyes straight to it, so 
that its image shall fall on the two maculse, where an image of a 
given area will cover a larger number of cones than anywhere else 



Fio. 279. — ZoUner’s lines- 


in the retina. Moreover, as previously pointed out, each cone in the 
macula lutea is connected to a separate chain of neurones. 

The importance of binocular vision is very great. If an object is 
looked at with one eye only, it is impossible to estimate its distance 
by the sense of vision alone. For instance, if one eye is closed and 
the other looks at a wire or bar, it is impossible to tell whether, if 
someone drops a small object, it falls in front of or behind the bar. 

Yisual judgments are not always correct; there is a large 
number of puzzles and toys which depend on itisual illusions. One or 
two of the best known are represented in the diagrams on p. 773. 

In fig. 278, A, B, and c are of the same size ; but a looks taller 
than B, while c appears to cover a less area than either. The sub- 
diadsion of a space or line increases its apparent size or length. 
In fig. 278 D, ah is equal to he. Yertieal distances also are usually 
overestimated. In fig. 279 the long lines are parallel, though they 
do not appear so, owing to the influence of the intercrossing lines. 

General References. — Duke-Elder, Byrne. 
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THE DUCTLESS GLANDS ' 


Most glands have an external duct through which their secretion 
passes, but the ductless glands, as their name suggests, pour their 
secretion internally * into the lymph and the blood-stream. Some 
glands, such as the pancreas, produce both an external and an 
internal secretion. 

In the very difficult study of the functions of the glands a 
number of courses have been adopted, and each has been applied with 
varying success to each of the glands. (1) Removal of the gland ; 
this may be done surgically, or a functional removal- of the gland 
may occur as a result of disease. (2) The administration of the gland 
or its extracts to man and animals or the study of pathological or 
artificially induced increases in the activity of the gland. (3) The 
study of its histology and development in the animal, and in different 
animals, also has been of value in throwing light on its functions. 

Some of the substances elaborated by the gland are very active 
but others act very slowly ; practically all are present in too small 
amounts even in the blood leaving the gland to permit of reliable 
chemical assay. 

Biological methods of assay have .to be used. The substances 
elaborated by the glands are known as hormones. 

Some of the ductless glands have already been studied in 
relation to their chief functions, e.g. the thyroid in relation to 
general metabolism, and the pancreas in relation to carbohydrate 
metabolism. The pituitary body and adrenal glands have more 
generalised activities. 

General books on , the subject have been written by Sharpey- 
Schafer and by Vincent, who give the historical aspects. 

Other Generai, References. — Harrow and Sherwin, Zondek, Hogben, 
Engleback. 


THE ADRENAL GLANDS. 

These are two triangular bodies, each resting upon the upper 
border of the kidney. 

* Hence the term “ endocrine ” given by Sharpey^chafer. 
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The gland is surrounded by an outer sheath of connective tissue 
and consists of an outside fii’mer cortex and an inside soft, dark 
medulla. Each portion is developed separately. 

(1) The cortex is dmded into columnar groups of cells 
{zona fasciculata). Immediately under the capsule, however, 
the groups are more rounded {zona glomerulosa), while next to the 
medulla they have a reticular arrangement {zona reticularis). The 
cells are polyhedral, each with a nucleus, and contain lipoid globules. 

(2) The medulla consists of a coarse meshwork of fibrous 
tissue, in the alveoli of which are masses of multinucleated proto- 
plasm, numerous blood-vessels, sinusoids, and an abundance of 
nerve-fibres and cells. 

The tissue of the adrenal medulla is often called chromaphil tissue, on 
account of the ready way in which it stains witli chromic salts. Such tissue is, 
moreover, not confined to the suprarenal, but is found in scattered patches in tlie 
retro-peritoneal region and in many sympathetic ganglia, especially in tlie 
abdomen. The histological resemblance is accentuated by the presence, of 
numerous sympathetic cells in the suprarenal medulla. Tlie chromaphil tissue 
wherever found always yields adrenaline. 

The importance of the adrenal bodies was first indicated by 
Addison, who, in 1855, pointed out that the disease now known 
by his name is associated with pathological alterations of these 
glands. Brown-Sdquard found a few years later, that removal of 
the suprarenals in animals is invariably and rapidly fatal. The 
sjnnptoms are practically the same (although more acute) as those 
of Addison’s disease, namely, great muscular weakness, loss of 
vascular tone, and nervous prostration. The pigmentation (bronzing) 
of the sMn, however, which is a marked symptom in Addison’s 
disease, is not seen in animals. These experiments have been 
confirmed, but more and more e^ddence has accumulated to show 
that it is the cortex rather than the medulla which is essential 
to life. 


The Functions of Adrenal Medulla. 

The vasoconstrictor action of extract of adrenal medulla was 
discovered in 1893 by Oliver, a practising physician in London 
who found that it constricted the radial arteiy of his child ! Its 
action was subsequently studied by him and Schafer, then Professor 
of Physiology at University College, London, and subsequently at 
Edinburgh, and- since that time a large amount of work has been 
done. 

Adrenaline . — The active principle may be extracted from the 
medulla of the gland and has been isolated by Takamine and 
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synthesised. It is shown to be closely related to tyrosine, but the 
exact significance of this fact is not yet understood. 
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. [Adrenaline.) [Tyrosine.] 

Its various actions suggest a preparation for muscular activity. 


The Action of Adrenaline.- 

JSffect on the Girmlation . — If a large dose (0''5 c.c. of 1-1000 
solution) is injected intravenously it causes a marked rise of blood- 
pressure, as a result of great constriction of the arterioles and, 
probably, of the capillaries (fig. 280). If the vagus nerves have 
been cut the effect on blood-pressure is still greater, since the 
drug then causes the heart to contract with greater force and speed. 
This effect may be best shown on the isolated heart perfused with 
Locke’s solution. The slowing of the heart when the vagi are intact 
is due partly to the operation of the depressor and carotid reflexes 
(Heymans), and partly to direct action of the drug or increased 
cranial pressure (Anrep and Starling) on the vagus centre. 

/ Small doses (1-1,000,000 to 1-100,000), however, which probably 
imitate more faithfully the normal physiological secretion, may have 
little or no effect on the blood-pressure but, as indicated in fig. 280, 
they very materially influence the distribution, of blood in the body, 
transferring it into the muscles from the skin. Such small doses 
of adrenaline in etherised animals cause a fall of blood-pressure, 
due it appears to the skin and alimentary vessels being thrown out 
of action by the ether and to the fact that the effect on the vessels 
of the muscles is able to show itself (Dunlop). 

The vasoconstrictor action of adrenalme appears to be most 
particularly marked on the vessels of the alimentary canal and the 
skin, although, in large doses, it probably constricts all vessels. If 
a Kmb is skinned, moderate doses, as shown by the plethysmograph, 
cause the vessels to dilate, although the control normal limb diminishes 
in volume. The coronary vessels like those of the muscles are 
dilated (fig. 280). 

The effect of a large dose on the intestinal vessels is difficult 
to interpret. If applied directly to them, or perfused through them, 
it constricts, but in the intact animal there is usually a dilatation of. 
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a piece of intestine placed in a plethysmograph. The exact cause of 

this is a subject of debate. ‘ . . . , . • 

If a large dose of adrenaline is injected subcutaneously into 



Fig. 2S0.— Eecord of Tolume changes of a skinned limb, SLV, and of an intact limb, XL, and of the 
blood-pressure of an animal to irhich a minute dose of adrenaline has been administered 
intravenously. The skin constriction and muscle dilatation are trell seen and cannot be ascribed 
to changes in blood-pressure, since these are negUgible. (McDovall.) 


unansesthetised animals, the rise of blood-pressure may persist for 
several hours as the absorption is slow. 

The motor actions of adrenaline but .not the inhibitory are 
reversed by ergotoxine and ergotamine. 
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Effect on Metalolism and Bespiration. — ^Adrenaline has also 
an important action in the mobilisation of glucose. It reduces the 
glycogen in the liver, at the same time causing a hyperglycEemia and 
consequent glycosuria. It thus counteracts the effects of insuhn. 

It has been shown also to increase the metabolic rate. In the 
unansesthetised animal, or in an animal which has been allowed to 
rest under chloralose anaesthesia, a marked and prolonged increase of 
respiration is evident ; but whether this is secondary to the metabolic 
effect is not clear. 

This is to be distinguished from the better known “apnoea,” which 
occurs immediately after the injection of a large dose of adrenaline,- 
and which has now been shown to be due to impulses which pass up 
in the vagus and from the carotid sinus as a result of the rise of 
blood-pressure (Heymans, Samson Wright). 

Effects on the Alimentary Canal. — If a piece of intestine is 
placed in a bath of Einger’s solution (which contains in addition 
phosphate ions), spontaneous contraction occurs. This is stopped by 
very minute (1-1,000,000) doses of adrenaline. This and other 
experiments indicate that the movements of the alimentary canal 
are brought to a standstill by the action of adrenaline. The 
sphincters, ileocolic and pyloric, are stimulated and food is thereby 
prevented from moving from one region to another (Elliott). • The 
muscularis mucosa is also stimulated (Gunn), 

Other Effects. — Adrenaline also causes dilatation of the bronchi, 
and for this reason it is extensively used in the treatment of 
spasmodic asthma. Applied locally it also abolishes anaphylactic 
reactions to foreign proteins (see p. 794). 

Although it has been established that adrenaline has no effect on 
muscle tone, it does have an effect in improving muscular contraction 
(Schafer), and in diminishing muscle fatigue (Nice and Cannon). In 
part this may be due to improved circulation, but adrenaline has been 
shown to have a beneficial effect on metabolism. 

Adrenaline dilal,es the pupil and erects the hairs in lower 
animals. The dilatation of the pupil occurs after all nerves to the 
eye have been cut; indeed, if the nerves have been allowed to 
degenerate, the pupil reaction^ becomes more sensitive than before, 
a fact which shows clearly that adrenaline, although it acts like 
the sympathetic, does not act on nerve-endings but possibly 
through an intermediate substance. It does not, however, dilate 
the pupil like atropine if applied directly to the eye. No doubt 
vasoconstriction interferes with its absorption. 

In amphibia, adrenaline causes a contraction of the pigment 
cells of the skin, causing the animal to be pale in colour. The one 
sympathomimetic action which adrenaline lacks is on the sweat 
glands. 
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The Destniction of Adrenaline . — ^Adrenaline is destroyed in the 
liver very rapidly. In solution, especially if dilute and alkaline, it 
rapidly becomes oxidised and loses its potency. 

Development of the Adrenal Glands. — The relationship to the 
sympathetic is also seen in the mode of development of the gland. 
The medulla of the organ is developed, quite separately from the 
cortex, from that part of the neural crest which subsequently 
becomes differentiated into the sympathetic and the posterior root 
ganglia. It is, therefore, of interest that .sensory stimulation, 
adrenaline, and stimulation of the sympathetic all bring about 
similar reactions. 

The medulla gradually grows into the cortex which is developed 
in relation to the upper part of the Wolffian body and therefore to the 
ovary and testis. In certain fishes this amalgamation does not take 
place, and so in them it has been possible to note the effects of removal 
of one part or the other. Trom these experiments, and from others 
in mammals where operations for removing one part only have been 
attempted, as well as from the study of disease, the conclusion has 
been reached that of the two the cortex is the more essential for life. 

The Secretion of Adrenaline and Functions of the Adrenal 
Medulla. — The exact function of adrenaline and whether or not it is 
circulated in the blood in the resting animal has been much debated. 
The evidence now appears to be in favour of its being constantly 
present in the blood in small quantities. At the same time, it 
is apparent that it is not essential for the maintenance of blood- 
pressure since animals can be kept alive if the adrenals are removed 
and the hormone of the cortex administered. 

A large number of facts, however, go to show that it maj 
be thrown into the circulation in greater amounts under conditions 
of stress. 

The secretion of adrenaline may be studied in a variety of ways : — 

1. The denervated pupil. 

2. The denervated heart. These two methods were those used 
by Cannon, Professor of Physiology in Harvard, U.S.A., and Ms 
associates, to whom we owe so much on tMs subject The organs 
are denervated and the effect of certain procedures is studied before 
and after removal of the adrenals. We know, how^ever, as pointed 
out by Cannon, that these results do not exclude the secretion of 
sympathin at sympathetic nerve-endings. The pupil is dilated and 
the heart accelerated when adrenaline is secreted. 

3. The isolated intestine may be studied after the manner 
described on p. 468. Its movements are inhibited by solutions 
containing a concentration of 1-1,000,000" adrenaline. ■ The method 
applied to blood from the adrenal vein was extensively used by 
Stewart and Eogoff of Western Reserve University, U.S.A. 
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4. The most unequivocal results were obtained by Tournade 
(1925), Professor of Physiology in Algiers, who circulated the 
adrenals of an animal (A) with blood to and from another animal (B) 
upon which the effects on the pupil, heart, and blood-pressure of 
certain procedures applied to A were noted. 

By these various methods it has been shown that the adrenals 
are under the control of the splanchnic nerves which cause secretion. 
Asphyxia and anything which stimulates the sympathetic acts 
similarly, e.g. severe exercise or a fall of pressure in the carotid 
sinus. The effects of fear and anger in a cat approached by a dog 
produce acceleration of the denervated heart, dilatation of the 
denervated pupil, a rise of the blood sugar (see p. 482) and increased 
respiration. Cannon, therefore, has maintained that adrenaline is 
secreted under conditions of emergency and emotional stress. 
Stewart and Eogoff, on the other hand, claimed that adrenaline is 
secreted in small quantities during rest, and in fact their strenuous 

■ opposition to Cannon led to the latter’s discovery of sympathin. 
Tournade, however, has shown that under the usual experimental 
conditions both views are probably right, for he found that the 
normal resting secretion could be inhibited by stimulation of the 
carotid sinus or of the central end of the aortic depressor nerve. 

It will be seen that the secretion of adrenaline will be of con- 
siderable advantage in augmenting the action of the nervous 
mechanisms and, in exercise, that of carbon dioxide, in increasing the 
heart rate, metabolic rate, blood-sugar, and respiration. 

Its activity is potentiated by previous treatment of an organ 
with acetyl-choline. 

Adrenaline is probably of considerable value in the protection 
of the body against cold and in fever (Cramer, Britton and others). 
If the adrenals are removed a given amount of cold causes much 
greater shivering than normally, and the amount of adrenaline in 
the glands is found to be much less than the normal resting value. 
Wo doubt the action of adrenaline assists in protecting the animal 

■ against cold by constricting the vessels of the skin. 

Another important function of the suprarenal is undoubtedly the 
annulling of the effects of toxic substances, such as histamine, which, 
may be absorbed from the intestine or from wounds. Histamine is , 
the degradation product of the amino-acid histidine, which is produced 
by the digestion of protein. It may also be demonstrated that 
under suitable conditions there may be a secretion of adrenaline 
when histamine is injected intravenously (Dale and Burn). In 
certain circumstances the rise due to adrenaline secretion may be 
very prolonged. 

Sympathin. — When blood-vessels are constricted by vasomotor 
nerves there is evidence that a clinical substance is released which 
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acts as a hvimoral transmitter and causes constriction of clenervated 
vessels. Some investigators consider that this substance is 
adrenaline, e.g. Bacq of Liege, but others, notably Cannon and 
Eosenhleuth, find that it is different and prefer the name sympathin. 
The fact that section of the abdominal sympathetic dilates the 
vessels of the muscles of the hind leg suggests that unlike adrenaline 
it does not dilate the vessels of muscles. 

References. — Sharpey-Schafer, Cannon, GroUraan, Britton. 


The Adrenal Cortex. 

The precise function of the suprarenal cortex is still unknown 
but it is evident that most of the disturbances brought about by 
disease or removal of the adrenals are due to loss of the function 
of the cortex, for it has now been found possible to keep adrenal- 
eetomised animals alive by administering extracts of the cortex. 
Such extracts have been prepared by Swingle, Pfiffner, Hartman and 
others, but more recently Verzar has found that similar results can 
be brought about by the giving of vitamin B.or fiavinphosphoric 
acid. 

In most experiments the rat has been used, as this animal lives' 
for about a week after- the organ is removed. 

(1) The cortex is particularly rich also in ■\itamin 0, having three 
times the amount of ascorbic acid present in orange juice (Szent- 
Gybrgyi). The presence of such a strongly reducing substance 
suggests that it may be concerned in preventing the destruction 
of the very easily oxidised adrenaline of the medulla. 

■ (2) There is reason to believe that the hormone is intimately con- 
cerned with the water-salt balance in the body. After adrenalectomy 
sodium and water are lost from the body and dehydration occurs. 
The administration of, sodium chloride to patients with Addison’s 
disease is very beneficial. How the hormone acts is unknown; 
it may be by affecting membrane permeability. In death from 
adrenalectomy blood concentration is a marked feature. As a result 
of the loss of sodium there is a marked diminution of the alkali 
•reserve which probably reduces neutral fat absorption by lessening 
the alkali available for soap formation. 

(3) The hormone is concerned also in the protection of the animal 
against^ the effects of histamine absorption, for removal of the cortex 
renders' a cat specially sensitive to its toxic effects (Dale, Kellaway 
and Cowell). It has been claimed that death after adrenalectomy is 
due to the capillaries becoming excessively permeable. The lipides 
of the membranes may be involved. 

(4) The cortex has some important relation to the reproductive 
system, as is suggested by its development. Evidence of this is 




Fio. 280a.— Cases of tuinoiir of the .nclreiial cortex. Above, a boy of 9 .showing sexual precocity. 
Below, a woman sull'ering from virili.sm before and after reniov.al of tlie tumour. (Broster.) 

Face page 782. 
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S66n in the fact that tumotir-overgrowths of the cortex lead in 
male children to- premature development of the sexual organs and 
pubic hair, and in females to the appearance of masculine characters, 
such as the growth of liair, enlarged clitoris and diminution of the 
breasts (fig. 280 a.). When this occurs in adults (virilism) histological 
changes in the cortex are found at death (Vines). It seems possible 
that this is related to the high iipide and choline contents of the 
cortical cells. The cortex is appreciably larger in the female than in 
the male and enlarges in pregnancy when the blood cholesterol is 
increased. This suggests that it has some importance in regulation 
of body activities during pregnancy. 

M'Oarrison emphasises also that the cortex is antagonistic to 
the thyroid. 

In conclusion, it may be suggested that probably the functions 
of the cortex are not so diverse as at present appear. It may be 
that eventually these various activities of the hormone will be shown 
to be due to the cortex Imdng some fundamental action affecting 
many processes similarly. 

The Active Principle of the Cortex. — The most important 
principle so far isolated from the cortex is loiown as corticosterone, 
which is ' a sterol closely related chemically to the progesterone of 
the corpus luteum (p. 811), with which it is to some extent mutually 
replaceable, each having the effect of the other. It prolongs the hfe 
of adrenalectomised animals. The presence of other hormones 
having various actions like those of the pituitary below have also 
been described. 

, References. — Broster and Vines, 1933 ; Swingle, 1932, 


THE PITUITARY BODY. 

This occupies the sella turcica of the sphenoid bone. It may 
be divided into several parts, which show developmental, structural, 
and functional differences. Its first description was given, by P. T. 
Herring (1908) of St Andrews, and this has subsequently been 
elaborated by Hanson (1937), Professor of Neurology in North- 
Western University, U.S.A. See fig. 281, p. 784. 

(1) The, anterior loie is developed as a tubular prolongation irom 
the ectoderm of the buccal cavity, but the growth of intervening 
tissue soon cuts off all connection with the mouth. It consists or 
columns of cells separated by blood sinus. The cells are of 
types,' acidophil (staining with acid dyes), basophil staining wi 
basic dyes, and chromophobe, which have Httle ammty tor 5 ms. 
■ An overgrowth of each type may occur and produce speci c 
symptoms. 
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(2) The posterior lobe . — This is connected to the floor of the third 
ventricle, of which it forms a developmental outgrowth; m some 
animals (cat) it remains hollow throughout life, in others (dog) the 
neck alone remains hollow, and in most (including man) both body 
and neck are sohd, with traces of a cavity in the neck. Though 
developed from the brain, it contains in the adult no nerve cells, but 
consists mainly of neuroglia. It is surrounded and invaded by the 
epithehal cells and colloid matter derived from the pars ' intermedia. 
It plays the part of a gland in virtue of these epithelial cells. 



(3) The pars intermedia . — This lies between the anterior and 
posterior lobes, and forms a* closely fitting investment of the latter 
lobe. It is developed in association with the anterior lobe, and 
consists of finely granular cells arranged in layers closely applied to 
the body and neck of the posterior lobe and the imdersurface of 
adjacent parts of the brain. Colloid material occurs between the 
cells and passes into the interior of the posterior lobe, and so into 
the cerebrospinal fluid third ventricle of the brain. 

(4) The pars tuberalis . — This surrounds the stalk by which the 
pituitary body is connected to the brain, at the tuber cinereum just 
in front of the optic chiasma. It has a glandular structure and is 
very vascular and has a special importance because tumours of this 
region lead to a great deposition of fat and upset of carbohydrate 
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metabolism. Similar results occur from damage to the hypothalamic 
area wMch probably controls the pituitary secretions. 

The Functions of the Pituitary Body.— It was recognised by 
Mane, m 1886, and by Marie and Marinesco, in 1891, that increase 
in the size of the pituitary gland was associated with gigantism 
in man ; but it was not until 1896 that Oliver and Schafer, following 
on their discovery of the action of adrenaline, demonstrated that 
extracts of the gland caused a rise of blood-pressure and other 
important actions. Since that time a large mass of evidence has 
accumulated to show that, as the development of the organ would 
lead one to expect, its two main lobes have widely different functions. 

T.b.e Anterior Lobe — (a) Experimental Evidence. — (i) Extirpation 
of the whole gland, though, owing to the inherent difficulties of the 
operation, frequently fatal, has been carried out successfully by 
many observers, thereby demonstrating beyond doubt that no part 
of the gland is essential to life (Horsley, 1886; Smith, P. E., 1927). 
Even partial removal of the anterior lobe, however, prevents growth 
(Sutherland Simpson) and total removal is followed by atrophy of 
the gonads, thyroid, and adrenal cortex. 

(ii) Grafts of the anterior lobe were found by Smith to prevent 
these results in rats. 

(iii) l^^ien administered orally to mammals the active substances 
of the anterior lobe are destroyed in the stomach, but Uhlenhuth of 
Toronto succeeded in producing giant salamanders, and this was 
the first experimental proof of the activity of anterior lobe extracts. 
Later, Long and Evans (1921), using peritoneal injections of emulsions 
of the lobe, produced gigantism in ymmg rats. A stimulating effect 
on other endocrine organs has been similarly produced, and conversely 
the dwarfing and atrophic effects have been checked in experimental 
animals and also in human subjects of Simmonds' disease. 

(b) Clinical Evidence . — Deduction from the results of pituitary 
disease in man has afforded the greater part of our knowledge^ of 
the functions of the anterior lobe. Up to the present the following 
relationships between dysfunction and clinical condition have been 
fairly well established. 

The following clinical conditions are due to pituitary or hypo- 
thalamic lesions. They may be summarised in advance. 

Chromophobe (adenoma), pressure symptoms only. 
... r j \ fGigantism 1 pressure sjmip- 

{ Hyperactivity Acidophil (adenoma) (Acromegaly/ tom common 

1 Basophil (adenoma) Cushing’s sjmdrome— pressure 
( symptoms rare 

r Lorain-Levi infantilism 
Hypoactivity ( Simmonds’ disease 

Overadivit^j—Ciffantism.— This is due to acidophil hyperactivity 
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during the growth of the long bones, and is characterised by excessive 
stature of the individual who is otherwise normal. The Irish giant, 
described by John Hunter in the eighteenth century, and nowin the 
Hunterian Museum, has a markedly enlarged sella turcica. 

Acromegaly. — Acidophil hyperactivity developing after the union 
of epiphyses gives rise to this condition. The long bones are unable 
to lengthen, but enlargement of the skeleton as a whole occurs, 
being most marked in the lower face, hands, and feet; the nose is 
enlarged, the malar bones become more prominent and the jaws 
become massive, separating the teeth. The hands and feet may 
become enormous. Thickening of the soft parts occurs also, and 
accentuates the grossness of the face (see fig. ■280b) and extremities. 
The American “ugliest woman in the world” was a typical 
acromegalic. A gordla-like appearance results from the protruding 
jaws, the bent spine and the large hands hanging down to the knees. 
The increased basal metabolism is considered to be due to thyro- 
tropic action. It will be readily understood that gigantism and 
acromegaly frequently occur together. 

Cushing’s Syndrome . — The symptoms vary much. Prominent 
are adiposity (excluding the limbs), genital dystrophy, polyuria, 
glycosuria, and extreme thirst. Cushing correlates it with basophil 
adenoma of the anterior lobe. 

Undcractivity — Lorain-Levy Infantilism is considered to be due 
to anterior lobe deficiency, more especially of the growth-producing 
and gonadotropic hormones. The not unattractive midgets seen at 
shows with perfectly formed miniature bodies and infantile sex 
characteristics are of this type. 

Simmonds’ disease is due to a destructive lesion of the anterior 
lobe, and the symptoms probably represent a general endocrine 
failure from the lack of the stimulating pituitary hormones ; thus 
we get general bodily wasting, including the viscera, premature old 
age, loss of sexual power or sterility, low blood-pressure, and 
intense debility. The condition known as progeria, characterised by 
precocious senility, is probably due to identical causes occurring 
before puberty. The child looks like a wizened old man, but more 
commonly the state occurs in women from forty to fifty and is 
very like Addison’s disease. It has been successfully treated by 
the administration of the adrenotropic of the pituitary. 

The loss of weight is produced in rats whose pituitaries - 
have been removed, probably because of excessive carbohydrate 
metabolism, and may be similarly cured. (Hemphill and Eeiss 
1944.) 

The following three conditions are due to lesions not so definitely 
located as the foregoing, butinvohdng the pituitary and hypothalamic 
regions. 
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Brissaud Type.— This was originally described by Brissand as 
due to hypothyroidism, but it is now considered that the pituitary 
and possibly the hypothalamus is primarily at fault. The fat boy 
of the Biclaoich Papers probably represents a typical case. The 
signs are not unlike those of tumours of the adrenal cortex and of 
the parathyroid which may also be involved. There is a progressive 
increase of the fat of the upper part of the body, undeveloped sexual 
organs, absence of hair except on the head and a strong somnolent 
tendency. 

Dystrophia Adiposo-gcnitalis (Frohlich’s Syndrome). — Many 
lesions involving the pituitary and neighbouring structures have 
been held accountable for this condition. The signs and symptoms 
natui'ally vary but great increase of fat and non-development of 
sexual organs are constant. In males, female characteristics pre- 
dominate and the testes may not descend. There is an increased 
tolerance to carbohydrates. (See fig. 280c.) 

Diabetes Iiisiindus. — As indicated above, polyuria, great thirst, 
and wasting characterise this disease. A large number of lesions 
involving the base of the brain have been described as causative 
factors; in many the hypothalamus has been involved. The con- 
trolling influence of pituitrin on the polyuria would indicate a 
posterior lobe deficiency, but from what has been said above it may 
be inferred that a hypothalamic lesion may produce a like result. 

The stud}’’ of the functions of this gland are much complicated 
by anatomical considerations. 

1. Owing to the intimate connection of the several portions of 
the gland to one another a clear-cut picture of the result of a lesion 
in any one portion is rarely produced either experimentally or 
clinically. 

- 2. A glance at a median section of the base of the brain will 

show the relation of the pituitary gland to the optic chiasma and 
the hypothalamus.- A pituitary tumour involving the former will 
produce hemianopsia, usually bitemporal (see fig. 276). Involvement 
of the hypothalamus, including the tuber cinereum, will produce 
symptoms peculiar to these structures, e.g. somnolence, obesity, 
polyuria, genital hypophasia, which symptoms are familiar in 
pituitary disturbance. Even though the hypothalamus is not 
directly involved by the pituitary lesion it may be indirectly 
affected by alteration in the hormones ; thus anterior lobe hormones 
are carried to the hypothalamus by the hypophysio-portal system 
of vessels winch break up into capillaries again in the latter region, 
the secretion from the pars intermedia may traverse the hypo- 
thalamus en route via tissue spaces of pars nervosa infundibulum to 
• the 3rd ventricle. • To the hypothalamus, as mentioned previously, 
is ascribed an intimate association with pituitary activity. According 
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to OUT present knowledge, therefore, “ hypothalamo-pituitary ” 
interconnection is three-fold 

(i) A pituitary tumour may involve the hypothalamus. 

(ii) A hypothalamic lesion may block the transit of pituitary 

secretion into the sj-stem generally. 

(iii) By sympathetic (or parasympathetic) involvement a hypo- 

thalamic lesion may give rise to symptoms ascribed to 
pituitary dysfunction. 

3. The discovery of gonadotropic, thyrotropic, and adrenotropic 
hormones in the anterior lobe, and also of Simmonds’ disease (g.v.), 
has an important bearing on the subject of multi-glandular 
syndromes. 

The Hormones of the Anterior Lohe. — It is now usual tO' 
consider that the anterior lobe contains a'group of hormones. How 
far they are really all different is as yet difficult to say, but they are 
convenient pegs on which to hang existing knowledge. The}’’ are 
given in their probable order of importance. 

1. The growth hoimone has already been discussed. Its source • 

appears to be the acidophil cells. 

2. The gonadotropic hormone (Prolan) shows its various effects on 

ovulation and is discussed in relation to the ovary and 
testis. The basophil cells may produce it, but this is 
not certain. 

3. The lactogenic hormone promotes the secretion of milk in 

mammary glands already prepared by the cestrogens and 
progesterone of the ovaries. 

4. The thyrotropic hormone is indicated by the following facts. 

Piemoval of the thyroid leads to increased pituitary 
growth. A hormone can be extracted from the pituitar}’’ 
.which produces the effects of hyperth}Toidism. It has 
no effect on th}Toidectomised animals, therefore must be 
considered to stimulate the thjToid gland. 

5. The loss of the adrenotropic hormone is seen in the atrophy 

of the adrenal cortex when the pituitar}'’ is removed or 
diseased, while the injection of anterior lobe causes 
hypertrophy. (See Swann.) 

6. The metabolic hormones are concerned chiefl}' with carbo- 

hydrate metabolism. Possibly the most strildng evidence 
of the relationship is seen in the absence of diabetes in 
an anirual in which both the pituitar}^and pancreas have 
been removed. We have already remarked on the 
increased carbohydrate tolerance in Prohlich’s syndrome 
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and tliG^ gieat sonsitivity to insulin of animals in wliich 
the pituitary is removed. It has also been found that the 
administration of the extracts leads to pancreatic degenera- 
tion and diabetes (Young), but since several other 
substances, c.g. ^ alloxan, or extract of parotid, produce 
similar resvilts it is not certain that the pituitary action 
is^ of special significance. It may well be that there are 
distinct hormones — increasing resistance to insulin and 
acting directly on the pancreas — but admittedly the 
evidence is all too new to be correctly assessed. 

The Posterior Lobe and Pars Intermedia. — These do not appear 
to be so important for life, but they elaborate the substance pituitrin, 
wliich causes some very characteristic reactions. Much of the early 
work was carried out with watery extracts, which contain also the 
depressor substances present in most tissues; but by preliminary 
alcoholic extraction these can be removed, and a purer substance is 
thus obtained. The active principle of the posterior lobe is destroyed 
slowly by boiling but it deteriorates in solution. 

Effect on the Girculaiion . — The effect of intravenous injection in 
animals is to produce a marked temporary rise of blood-pressure, 
which, however, is much more prolonged than that due to adrenaline 
and not reversed by ergotoxine. There is marked contraction of all 
the arterioles in the body with the possible excejition of those of the 
kidney. The constriction of the skin vessels is very marked, and 
often the pallor caused thereby creates alarm, although it has not 
necessarily any serious significance. Local pallor occurs if the 
substance is injected intradermally. In spite of tliis vasoconstriction 
the blood-xmessure of man does not rise appreciably, if at all, 
indicating that there is considerable vascular compensation. The 
slowing of the heart, which takes place, may be part of the 
compensation. Similar compensations are presumably responsible 
for the return of the blood-pressure to normal in animals, since 
further injections do not cause the same rise of pressure for some 
time. At the same time, it must be emphasised, that it is not 
Icnown whether this vascular action of pituitary extract is in any 
way related to the normal function of the gland. 

Effect on the Kidney . — In man, or unansesthetised animals, the 
injection of the extract causes a reduction in the amotmt of urine 
and, for this reason, pituitrin may be used to reduce the amount of 
urine in diabetes insipidus, a condition in which large quantities (h 
dilute urine are passed and which is sometimes associated, with 
lesions in the region of the . pituitary body. The condition of 
diabetes insipidus , has now been produced experimentally by the 
removal of the posterior lobe, and this^ fact, and the effects or 
extracts, suggest that this part of the pituitary secretes an anti- 
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diuretic hormone ; hut since the diuresis does not occur if the whole 
pituitary is removed it would seem that a diuretic hormone is 
produced by the anterior lobe. In normal man the antidiuretic 
effect may be conveniently observed by studying the' diuresis 
produced by the ingestion of a quantity of fluid (a) normally 
and (6) accompanied by an injection of the extract. 

In angesthetised animals, pituitary extract increases the flow of 
urine, apparently as a result of dilatation of the kidney vessels. This 
fact is not related to the rise of blood-pressure which may be caused ; 
since it may be brought about by later doses, which do not cause 
the rise. 

Effect on the Uterus {oxytocic action ). — Of all varieties of plain 
muscle uterine appears to be the most sensitive and therefore 
the uterus of the virgin guinea-pig is used for purposes of the 
standardisation of extracts of unknown strength. It is suspended 
in oxygenated Yan Dyke’s solution after the manner described for 
the intestine (p. 468). The extract is standardised by comparing 
the contraction produced by an unknown sample with that caused 
by a standard sample; extraordinary dilute solutions (1-10,000,000) 
of pure' extract cause contraction. “ Oxytocic ” means “ quickening 
delivery,” and the extra-ct is used with due precautions in obstetrics ; 
but too large doses have been known to cause rupture of the 
uterus. The fact that cerebrospinal fluid gives the oxytocic test 
suggests that the pituitary secretion enters that fluid. It has been 
suggested that such pituitary secretion is responsible for the onset 
of labour, but since its injection does not cause labour in an 
animal not at full time it is evident that other factors are con- 
cerned. One of these is the presence of cestrin, the oestrus producing 
hormone of the ovary. If oestrin is apphed to the isolated uterus 
the action of pituitary extract is enhanced. A product “pitocin” 
is claimed to be almost free from the vasoconstrictor (“ pitressin ”) 
fraction. 

Effect on other Plain Muscle. — Now that pituitary extract is 
made quite free from histamine it has become evident that it is 
not a generalised plain muscle stimulant as was previously thought. 
It does, however, stimulate the intestine and causes milk to be 
driven out of the lactating mammary gland. This is brought about 
by the vasopressor factor. 

Effect on Pigment Cells of Amphibia. — Unlike adrenaline, pituitary 
extract injected into a frog causes a darkening of the skin from 
dilatation of the melanophores. This result is brought about with 
very small doses — a fraction of a cubic centimetre of a one in a 
million solution — and it may therefore be used as a test. Eemoval 
of the posterior lobe in the frog, on the other hand, causes con- 
striction of the skin melanophores and, consequently, pallor. The 
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substance which produces this effect appears to be concentrated in 
the pars intermedia- (Hogben and Winton). 

Effect on OcLTholiydTdtc Mcinholism . — As we have seen in relation 
to the anterior lobe, imdergrowtl^ of the pituitary body is associated 
with the accumulation of fats and a high sugar tolerance. What 
exact part the pituitary J)lays in carbohydrate metabolism 
is ' not clear, but certain experimental facts are outstanding?. 
Posterior extract may cause a slight rise of the blood-sugar, and 
has the power of antagonising insulin (Burn). It has also been 
shown by Houssay of Buenos Aires that if the pituitary is removed 
at the same time as the pancreas, diabetes mellitus is no lono-er 
caused, and the animal is abnormally sensitive to insulin. 

Houssay appears, however, to, relate this to the anterior lobe 
which increases the formation of glucose from fat or protein. 
Extracts cause a decrease m the blood fat and in liver fat. 

The Control of the Pituitary Body. — As yet there is little 
known of the subject, but there is increasing evidence, especially by 
a group of Chinese workers, Chang Huang and Wang (independently), 
that it may be reflex, for stimulation of the central end of the 
vagus causes the appearance in the blood of the pituitary hormones. 
It has been shown that coitus in the rabbit causes ovulation 
through the activity of the pituitary. It may be that its activity is 
increased by sexual emotions generally. 

Looking at the subject generally and considering the general 
anatomical relationship of the pituitarj^ together with the action 
of its various hormones, it is difficult to escape from the conclusion 
that the pituitary is primarily concerned with growth, reproduction, 
and also tiie adjustments necessary for the nourishment of the feetus. 
'In this connection it may be noted that in the eel considerable 
seasonal variation is seen. The organ increases in size at puberty 
and in pregnancy. If the animal is not allowed to migrate the 
pituitary becomes much enlarged. 


THE THTMUS. 

Tliis gland attains its greatest size soon after birth, and after the 
second year it gradually diminishes, until in adult life hardly a 
vestige remains ; it is then replaced by adipose and connective tissue. 

The gland is composed of lymphoid tissue surrorxnded by a 
fibrous capsule from which processes carrying blood-vessels and 
lymph-vessels pass in to divide it up into lobes, lobules, and follicles. 
Scattered in the lymphoid tissue of the medulla are the concmtric 
corpuscles of Hassall, which are nests or islands of epithelial cells cii 
off from the epithelium of the pharynx in process of development. 

In hibernating animals, in which it persists throughout file. 
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the gland enlarges, and its cells become laden with fat as each^ 
hibernating period approaches. 

Castration retards the atrophy of the thymus, whilst removal 
of the gland hastens the growth of the testes, a fact which 
suggests some relationship with the generative organs. 

The thymus is not essential to adult life; indeed, the evidence 
is now very complete that its persistence into, adult life may be 
associated with dire consequences. Persons in whom it persists are 
specially liable to die under ansesthesia (status lymphaticus), and to 
suffer from myasthenia gravis, a condition of progressive loss of 
power of muscular contraction due either to a failure to elaborate 
acetyl-choline in adequate amounts or to an excessively rapid 
destruction of this substance. The condition is relieved by substances 
like eserine and prostigmine which prevent the destruction of 
acetyl- choline. 


The Pineal Gland. 

This gland, which is a small reddish body, is placed beneath the corpus callosum, 
and rests upon the corpora quadrigemina. It is composed of tubes and saccules 
lined and sometimes filled wth epithelial cells, and containing deposits of earthy 
salts (brain sand). A few small atrophied nerve-cells without axons are also seen. 

• In certain lizards, such as Hatteria, and in certain fishes such as the lamprey, 
the pineal outgrowth is better developed and may be paired. One division corre- 
sponds to the pineal gland ; the other becomes developed into an eye-like structure 
connected by nerve-fibres to the habenular ganglion ; this third eye is situated ■ 
centrally on the upper surface of the head but is covered by skin. 

The chief claim the pineal gland has to be considered an endocrine organ is that ■ 
it has possibly some obscure relationship to the development of the sexual organs. 


The Carotid Body and Aortic Body. 

< These are situated, the one at the point of bifurcation of the common carotid - 
artery and the other on the arch of the aorta. They are made up of a plexus 
of small arteries, and are enclosed and supported by fibrous tissue. The}-^ contain 
also polyhedral cells collected into spheroidal clumps. Some of the cells of the 
carotid gland stain brown with chromic acid like those of the suprarenal 
medulla. It has now been found that the aortic and carotid bodies are sensitive 
to the gaseous content of the blood and act as sensitisers of the respiratory 
centre (see Respiration) and that extracts contain a vasoconstrictor substance. 

General . — From what has been said it is evident that the 
endocrine organs form important chemical substances for the control 
of the body, hut it must be understood that they themselves are 
controlled by the nervous system. The advantage of chemical over 
nervous control of organs is that it can he more generalised and 
more prolonged. As yet, however, we know very little of the way 
in which the secretions of the ductless glands are brought into 
relationship with the requirements of the animal. 


CH. LVIL] 


HUMOEAL SUBSTANCES 


793 


Humoeal Substances. 

In addition to the hormones elaborated by the ductless glands 
a ninnber of substances are released in special circumstances. 
Histamine and dioline are the most important but others, e.g. 
P-substances (pain), have been described. In dying tissues many 
of the amines which appear have a vasoconstrictor action. 

Histamine or ^-iminazolyl-ethylamine is so called because it 
is so easily produced from the amino-acid histidine when many 
living tissues are damaged. It may be extracted froni the tissues 
especially from the sldn and the lungs. It also occurs in putre- 
factive tissues but was originally discovered by Barger and Dale 
in 1910 in their attempt to discover the true nature of the uterus- 
contracting substance in ergot, the fungus which commonly grows 
on rye and leads to abortion amongst rye-eating peoples. 

The importance of histamine came into prominence when it was 
pointed out that its injection in quite small doses (5-10 mg. for 
an average cat) into carnivora led to a state of profound shock 
from a pooling of the blood in the capillaries which become widely 
dilated (Dale, Laidlaw, Richards). 

It is certainly released in the anaphylactic reaction (see below) 
and is very akin to the H-substance of Lewis (see Skin Circula- 
tion), Certainly a substance with similar action is produced. If 
injected into the skin it causes a local dilatation of capillaries and 
a wheal. The great raj)idity with which it or a similar substance 
is released from tissues suggests that it may have an important 
action in dilating capillaries in active regions such as muscle or 
in injury to the skin and in anajjhylactic reactions. 

In addition to dilating capillaries it constricts smooth muscle, 
notably that of the uterus, bronchioles, and large blood-vessels ; 
in rodents this reaction predominates. It also causes a secretion 
of gastric juice and has been employed instead of a test-meal, 
but unfortunately the dilatation of cerebral capillaries produces 
intense headache. It is of importance, too, because it is very 
liable to be an impurity in organ extracts, but it may be destroyed 
by boiling with alkali. That it is antagonised in the animal body 
by the adrenal gland is suggested by the fact that removal or 
destruction of the adrenal cortex, like anaesthesia, sensitises the 
carnivora to its action. It is destroyed by an enzyme histaminase 
which, according to Best and McHenry, is found especially in 
the wall of the intestine and the kidney. There is, however, 
still much to be learned about this interesting substance. 

Histamine, being an iminazole derivative, contains the .typical 
ring and gives characteristic reactions. (See Histidine.) 
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Histamine and the Anaphylactic Reaction. 

As first sho'RTi by Richet in Paris, if egg white is injected into 
a dog or guinea-pig it is harmless, but if a second dose is injected 
three weeks later there is an intense contraction ‘of smooth muscle 
in the bod}^ especially of the uterus, bronchi (in the guinea-pig) 
and exit veins of the liver (in the dog), which commonly causes 
the death of the animal. Similar reactions in man produce some, 
but not all, asthma and urticaria (nettle-rash). The reaction is 
probably at the root of many cases of abnormal reaction to articles 
of diet. The present view is that the foreign protein causes a 
release of histamine from the tissue sensitised by the sensitising 
dose occasioned by a temporary fault in digestion (see p. 440). 

Choline. — Although choline was one of the earliest natural 
bases found in animal tissues its importance and that of acetyl- 
choline have only been recognised comparatively recently. 

The choline or tri-methylamine bases which are derivatives of 
methylamine alcohols are of physiological interest in that acetyl- 
choline is a normal chemical transmitter released at nerve-endings. 
They are also parasympathomimetic, i.e., act like the parasjnn- 
pathetic ; they slow the heart, dilate arteries, constrict the pupil, 
and bring about secretion by glands. Their action generally is 
prevented by atropine. In large doses or after atropine they have, 
the opposite action. 

Choline itself may be looked upon as a substituted ammonium 
h 3 ’’droxide; one of the hydrogens is replaced by a h 5 ^drox 3 ’’eth 3 d 
group, and the other three meth 3 d groups. Its formula is 
therefore 



Choliue was first isolated from bile, but its presence in a wide 
variety of nervous tissues was soon recognised, especially by 
Halliburton (1898) and his co-workers in King’s College, London. 
Subsequent^ the acti\dty of the substance led to the extensive 
study of its compounds by the American pharmacologist Reid 
Hunt (1909), who found that acet 3 d-choline was as much as a 
thousand times more active than choline itself as a vasodilator. 
It brings about vasodilation in a dilution of 1 : 10,000,000. 

The subsequent story of acetyl-choline has already been told 
in relation to the humoral transmission of the nerve impulse. 

Acetyl-choline may be extracted from a wide variety of tissues 
and, with histamine, is responsible for the fall of blood-pressure 
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that so many tissue extracts give. If injected into an animal the 
duration of its action is very short-lived is it is extremelv XidH 
hydrolysed through the agency of an enzyme choline eaS 
discovered by Steadman (1932) in Edinburgh, which is nresent in 
all issues Befdi;e this reaction was discovered it was not general ? 
realised that biochemical changes could occur so rapidly and ite 
recognition has opened up a new vista, especially in regai-d to the 
workings of the nervous system. The story of chohne and ol 
kstiimine are excellent examples of how purely academic work 
has turned out years later to be of great importance. 

r Sympathin.— This substance has already been discussed 
(p. /bl). 



CHAPTER LVIII 


EEPEODUCTION 


In ihe higher animals reproduction is brought about by the union 
of male and female cells, kno\ra as spermatozoa and ova, v’hich are 
elaborated by the testes and ovaries of the two sexes, the union 
taking place in the sexual passages of the female, in which they 
are deposited by the male during the sexual act known as copulation 
or coitas which is presumed in animals during a period of mating. 


The Male Repboductive Obgans. 

These consist of the two testes or testicles which produce 
spermatozoa, and the ducts which lead from them. 

The testis is enclosed in a serous membrane called the tvmica 



Fig. 2S2. — Plan of a vertical 
section of the testicle, 
showing the arrangement 
of the dncts. The true 
length and diameter of the 
ducts have been disre- 
garded. a a, Tuhuli semi- 
niferi coiled up in the 
separate lobes ; i, tubuli 
recti; c,rete testis; d, vasa 
efferentia ending in the coni 
vasculosi; I, e, g, convo- 
luted canal of the epidi- 
dymis ; A, vas deferens ; 
/, body of mghmore; i i, 
fibrous processes running 
between the lobes. 



Fig. 2S3. — Section of the epididjmis of 
a dog. — The tube is cut in several 
places, both transversely and ob- 
liquely; it is seen to bo lined by a 
ciliated epithelium, the nuclei" of 
which are well sho\vn. c. Connec- 
tive tissue. (Schofield.) 


vaginalis, originally a part of the peritoneum', which descends into 
the scrotum before the testis and subsequently gets entirely cut off 
from the remainder of the peritoneum. There are, however, many 
animals in which the testes remain permanently in the abdomen. 
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The external covering of the testicle itself is a strong fibrous capsule, 
called, on account of its white appearance, the tunico, cdhuginca. 
Passing from its inner surface are a number of septa or trabecula^ 
which divide the organ imperfectly into lobules. On the posterior 
aspect of the organ the capsule is greatly thickened, and forms a mass 
of fibrous tissue called the corpus Sighmoria/iiuui (body of High- 
more) or mediastinum testis. Attached to this is a much convoluted 
tube, which forms a mass called the epididymis. This receives the 
ducts of the testis, and continues into a thick-walled tube, the vas 
deferens, by wliich the semen passes to the urethra. 

Each lobule of the testicle contains several eonvoluted tubes. 
These tubes commence near the tunica albuginea, and terminate 
after joining' with others in a straight tubule, wliich passes into the 
body of Highmore, where it ends in a network of tubes, the rete 
testis. From the rete about fifteen efferent ducts {vasa efferentia) 
arise, .which become convoluted to form the coni raseulosi, and then 
pass into the tube of the epididymis. 

The convoluted or seminiferous tubes have the following structure ; 
each consists of (1) an outer wall of flattened connective-tissue cells 
intermingled with elastic fibres ; (2) a fine membrana propria ; (3) a 
lining epithelium of several layers of germinal cells. Next to the 
membrana propria is a layer consisting of spermatogonia and 
supporting or nurse cells {Cells of Sertoli) which provide nutriment 
for the developing spermatozoa. More internally, between the 
projecting processes of the nurse cells, are large primary spermatocytes, 
derived from the division of the spermatogonia. Still nearer the 
lumen of the tube lie the secondary spermatocytes, which are the 
daughter-cells of the primary spermatocytes ; the secondary sperma- 
tocytes give rise by division to the spermatids which lie next the 
lumen. The spermatids become embedded in the inner ends of the 
nurse cells, where they grow and become converted into spermatozoa. 

The interstitial' connective tissue of the testis is loose, and 
contains numerous lymphatic clefts. Lying in it, accompanying 
the blood-vessels, are strands of epithelial cells, of a yellowish 
colour {interstitial cells). 

The straight Uibules consist of basement -membrane and lining 
cubical epithelium only. The tubules of the rete testis are lined 
by 'cubical epithelium; but have no basement- membrane. The 
vasa efferentia and epididymis are lined by columnar cells, some of 
which are ciliated, while others are devoid of ciha, and probably 
possess secretory functions. There is a good deal of muscular tissue, 
in their walls. The vas or ductus deferens consists of a muscular 
wall (outer layer longitudinal, middle circular, inner longitudina ), 
lined by a mucous membrane, the inner surface of which is covered 
by columnar epithelium. 
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The vesicidce seminaUs are outgrowths of the vasa deferentia. 
Each is a much convoluted, branched, and sacculated tube of 
structure similar to that of the vas deferens, except that the wall 
is thinner; their secretion is added to the semen, along with the 
secretion of the glands of the prostate. 





Fio. 2S5. — Diagram of 
part of a human sper- 
matozoon Iiiphly mag- 
nified (after Jleves). 
1, Acrosome; 2, head; 
3, anterior centriole 
in neck ; 4, posterior 
centriole in neck ; 5, 


Fjo. 2S4-— Semi-diagrammatic representation of 
human spermatozoa. A, front view; B.side 
view. 1. Acrosome, surrounding head; 2, 
neck ; 3, middle-piece ; 4, tail ; 5, end-piece. 
The axial filament runs through the body 
and tail into the end-picee. 


axial filament; 6, spiral 
sheath; J", sheath of 
axial filament in middle- 
piece; 8, mitochondrial 
sheath ; 9, annulus ; 10, 
thick sheath of axial fila- 
ment in tail. 


The jifiUTS is composed of cavernous tissue covered by skin. 
The cavernous tissue is collected into three tracts, the two coi'pora 
cavernosa and the corpus spongiosum in the middle line inferior! y. 
All these are enclosed in a capsule of fibrous and plain muscular 
tissue; the septa which are continued in from this capsule, form 
the boundaries of the cavernous venous spaces of the tissue. The 
arteries run in the septa ; the capillaries open into the venous spaces. 
The arteries are often called Jielicine, as in injected specimens they 
form twisted loops projecting into the cavernous spaces (see also 
“ Circulation ”). 
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. Tlie Spermatozoa. — The semen is a richly albuminous fluid ir 
which are suspended the spermatozoa. Each spermatozoon consists 
of a head, a middle-piece and a tail. The head is oval and flattened. 
It is composed of a nucleus, in which the chromosomes are so 
compressed together as to he hidistinguishable, and. an acrosome. 
The acrosome forms a cap over the anterior end of the nucleus. The 
sperm effects entrance into the ovum at fertilisation by means of 
this acrosome, which lorobably liberates substances which assist in 
perforating the zona-pellucida of the egg. The middle-piece is 
composed of a neck, containing one or two centrioles, and the middle- 
piece proper. The axial filament of the tail originates in the 
centrioles contained in the neck immediately behind the nucleus. 
It traverses the middle-piece and the whole length of the tail. A 
delicate cytoplasmic sheath surrounds the axial filament thi’oughout 
the greater part of the length of the tail, but this is absent at the 
extreme posterior end, which is known as the end-piece. 

If kept under suitable conditions spermatozoa will live for 
thirty days. They are easily killed by dilute acid 

The Female Reproductive Organs. 

These consist of the two ovaries which produce ova, and the 
uterus with the Fallopian tubes and vagina wliich are continuous 
with it. 

The Ovary is composed of fibrous tissue (stroma) containing, 
near its attachment to the broad ligament, a number of plain 
muscle - fibres. It is covered by a layer of cubical cells, called 
the germinal epithelium, which, in yoimg animals, is seen dipping 
down, here and there, into the stroma. The stroma generally 
contains a number of interstitial cells. 

Sections of the ovary show that the stroma is crowded with a 
number of rounded cells, the oocytes, which are contained in numerous 
vesicles of different sizes called Graafian follicles. The smallest 
folhcles are near the surface, the largest are deeply^ placed, but as 
they expand they again approach the surface, and ultimately rupture 
upon it. 

The smallest follicles consist of a single layer of epithelium 
surrounding the oocyte, and an outer layer of fibrous connective 
tissue derived from the stroma. In larger follicles the epithelium is 
many-layered and is known as the membrana granulosa. The 
outer layer is also differentiated into an inner vascular layer, the 
theca interna, and an outer fibrous layer, the theca externa. 
During the later growth of the follicle a cavity, the antrum, appears 
in the membrana granulosa and enlarges until it occupies the major 
part of the follicle. The cells of the membrana granulosa Ime this 
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ca%’ity and form a discus proligerus around the oocyte which projects 
into it. The antrum is filled with fluid, the liquor folliculi. The 



Fiq. 2SG. — niagrammatio view of the uterus and its appendages, as seen from behind. The utems and 
upper part of the vagina have been laid open by removing the posterior wall; the Fallopian tube, 
round ligament, and ovarian ligament have been cut short, and the broad ligament removed on the 
leftside; n, the upper part of the utems; e, the cervix opposite the os internum; the triangular, 
shape of the uterine cavity is shown, and the dilatation of the cervical cavity with the mgae 
termed arbor vita; v, npper part of the vagina; oi. Fallopian tube or oviduct; the narrow 
communication of its cavi^ with that of the cornu of the uterus on each side is seen ; 1, round 
ligament; lo, ligament of the ovary; o, ovary; t, wide outer part of the right Fallopian tube; 
/I, its fimbriated extremity; po, parovarium; A, one of the hydatids frequently found connected 
with the broad ligament, i. (Allen Thomson.) 
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jLftGi ovulo/tioii 8, glaudiiiAr structiirG, tliG corpus lutsum 
dGVGlops in tliG cavity of tliG ruptured follicle. The corpus luteum 
is formed hy the ingrowth of the cells of the membrana granulosa 
and theca interna into the antrum. These cells hypertrophy and 
globules of yellow pigment and lipides make their appearance in 
them. Strands of cells and blood-vessels grow in from the theca 
interna and divide the lateral cells into columns. The centre 
of the corpus luteum is often occupied by a clot formed from blood, 
liberated when the follicle is ruptured, and from the remains of 
the liquor folliculi wliich did not escape. The corpus luteum 



begins to degenerate after a short time and always before the 
next ovulation, if pregnancy does not supervene. It persists when 
fertilisation is effected, and only atrophies sliortly before the 
child is born. The following table gives the chief facts in the life- 
history of the two types of the ordinary human corpus luteum : — 


At the end of 
three weeks, 
One month , 


Two months . 
Six months . 
Nine months . 


Ordinary 
Corpus Luteum. 

Three-quarters of an inch 
convoluted wall pale. 

Smaller ; convoluted wall 
bright yellow; clot still 
reddish. 

Reduced to the condiUon 
of an insignificant cica- 
trix. 

Absent 


Corpus Luteum of 
Pregnancy. 

in diameter ; central clot reddish ; 

Larger; convoluted waU bright 
yellow; clot still reddish. 

Seven-eighths of an inch in dia- 
meter ; convoluted wall bright 
yellow ; clot decolorised. 

Still as large as at end of second 
-month; clot fibrinous; convo- 
luted wall paler. 

One half an inch in diameter; 
central clot converted into a 
radiating cicatrix ; the external 
waU tolerably thick and con- 
voluted, but without any bright 
yellow colour. 

2 C 
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The ovarian ovum or primary oocyte (fig. 288) is a large spheroidal 
cell surrounded by a transparent; striated membrane called the zona 
pellucida, or zona striata. The protoplasm is filled with large 
fatty and albuminous granules (yoZ7c spherules'), except in the part 
around the nucleus, which is comparatively free from them. It con- 
tains a nucleus, and usually one very well-marked nucleolus. The 
nucleus and nucleolus are still often called by their old names, 
germinal reside and germinal spot respectively. An attraction 
sphere, not shown in the figure, is also present, and a fine membrane, 
the vitelline membrane, immediately invests the protoplasm within 
the zona pellucida. 

The Fallopian Tubes or tubs uterinae which lead to the uterus 
have externally a serous coat from the peritoneum, then a muscular 
coat (longitudinal fibres outside, circular inside), and most internally 
a vascular mucous membrane thrown into longitudinal folds, and 
covered with ciliated epithelium. 

The Uterus consists of three similar layers. The muscular coat 
is, however, very thick, and is made up of two strata imperfectly 
separated by connective tissue and blood-vessels. Of these the 
thinner outer layer is the true muscular coat, the fibres of which are 
arranged partly longitudinally, partly circularly. The inner layer. is 
very thick. _ Its fibres run chiefly in a circular direction; the 
extremities of the uterine glands extend into its internal surface. 
It is in fact a much hypertrophied muscularis mucosae. The mucous 
membrane is thick and consists of a corium of soft connective tissue, 
lined with ciHated epithelium; this is continued down into long 
tubular glands which have, as a rule, a convoluted course. In the 
cervix the glands are. racemose. Hear the os uteri the epithelium 
becomes stratified ; stratified epithelium also lines the vagina. 


The Foemation of the Gametes. 

The production of ova by the ovary is known as oogenesis. The formation 
of spermatozoa by the testis is known as spermatogenesis. The prodigality of 
nature in providing for the continuance of the species is well illustrated by the 
fact that at birth the human ovary contains about 70,000 immature oocytes. 
Only a minority of these attain maturity, and get situated in Graafian follicles : 
many follicles, moreover, never burst, but atrophy. On the average, one follicle 
ripens every four weeks, so that in the period between the onset of puberty and 
the menopause (fifteen to forty-five years of age) there is a possibility -in the 
thirty intervening years of the production of about 400 ripe ova. Of these again a 
very small minority become fertilised. Still more is the lavishness of the provision 
illustrated in spermatogenesis ; it has been calculated that in the semen' ejaculated 
at an act of coitus there are more than two hundred million spermatozoa, and 
only one of these is needed for the fertilisation of an ovum; 

Spermatogenesis. — The germ cells divide into spermatogonia which undergo 
several divisions, two of which are shown in the diagram (fig. 289). Each 
spermatogonium grows and becomes a primary spermatocyte; it divides into 
two secondary spermatocytes, and ultimately into two spermatids which develop 
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into spermatozoa. In the division of the primary into the secondary snermf’ 
the mitosis is heterotypical and tlie number of chromosomes is reduced to'^hrit 
the normal somatic number. This phenomenon is paralleled in the historv of the 
oocyte, and it will be convenient to postpone the histological details until we «ome 
to Uie oocyte. * 

The result is that the secondary spermatocyte and its descendants, the 
spermatids and spermatozoa, have only half the number of chromosomes 
characteristic of the species. The maturing of the spermatozoa takes place 
within the seminiferous tubes. 


Germ cell 



Heterotype \ 
mitosis and | 
reduction of I 
chromosomes / 
to half the \ 
usual number) 


-Spermatogonia 

Period of growth 
—Primary Spermatocyte 


_ — Secondarv Spermatocytes 

A A , 

• • • ©--- 


-Spermatids 


lilt, 


^^Spermatozoa 

Fio, 289. — Diagram to illustrate Bpermatogonesis. 


Oogenesis takes place on the same general lines as spermatogenesis, but 
with important differences in detail. In tlie first place, the changes in the 
ovary are correlated with certain changes in the uterus which result in menstru- 
ation. A second important difference is that maturation of the o'^nira occurs 
after the oocyte has left the ovary and is on its journey along the Fallopian 
tube to the uterus. A third difference is that the ovum is considerably larger 

than the spermatozoon. , u ut i... 

The ova arise from oogonia which are present in the ovary probably on y 
during embryonic life. The oogonia are capable of multiplication by division. 
Finally each oogonium divides into two primary oocytes which then - un 
a reduction division, the first maturation division, which results m the production 
of the first polar body. The reduction division is characterised by a clumping 
together of the chromosomes at one stage, known -as synapsis, an mi _ 
subsequent reappearance and pairing of the individual chromosoine . . 

preliminary changes are completed in the ooeytes of the human o a F ^ 
after birth. The subsequent stages of the division do not take p a 
oocyte is about to be ejected from the ripe follicle at ovulation. 
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At maturation a spindle is formed and one chromosome of each pair goes to 
each pole. The spindle is eccentric in position and projects, in a small pro- 
tuberance of protoplasm, from the surface of the oocyte. The division causes 
the separation of the little protuberance, the first polar body, from the oocyte. 
This reduction division results in half the chromosomes being_ extruded with the 
first polar body and half being retained in the oocyte, which is now known as a 
secondary oocyte. The process of reduction in the female is very similar to that 
in the male, where it results in the formation of two secondary spermatocytes from 


I Germ cell 


© 


e • • • VObgonia 




Heterotype mitosis 
and .reduction of the 
chromosomes to half J 
the usual number 



- - Period of growth 
Primary oocyte 

First polar body 


Secondary oocyte m 

J Division of the 

Mature ovum ® ® ®'lFirst Polar body 

i-Second polar body 

Fio. 290. — ^Diagram to illustrate oiigonesis. 


a primary spermatocyte. In both sexes the bumber of chromosomes in the 
daughter-cells is half that of the parent-ceDs. After the secondary oocyte is 
ovulated, another division occurs, resulting in the production of a second polar 
body. This division does not reduce the number of chromosomes, as each is split 
in two in the normal manner. Simultaneously, the first polar body divides into 
two. The resulting three polar bodies remain in the zona pellucida, of the now 
mature ovum, and degenerate. 

The meaning of the polar bodies has been the subject of much speculation ; it 
is supposed that the female cell casts out certain constituents in order to make 
room for the addition to it of material from another individual, namely, the male. 
Some animals multiply without the intervention of the male sex, or the intervention 
occurs at long intervals with many intermediate generations; tliis is known as 
parthenogenesis. One must therefore suppose that the female cell has -vithin it a 
male component which can be transmitted to future generations. 

The ovum after it is liberated from the ovary by the rupture of a Graafian 
follicle, enters the Fallopian tube, the cilia of which are the main instruments for 
the transportation, and finally reaches the uterus. During this journey, which 
probably occupies some days, it becomes mature, it is fertilised, and some of 
the early steps in fiyther development may also occur. 
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Internal Secretions of Testis and Ovary. 

In addition to producing spermatozoa and ova the testes and 
ovaries elaborate internal secretions which are liberated into the 
blood stream. 


Testis. 

The principal evidence that the testis forms an internal-secretion 
is derived from the study of effects of castration, or cases in which 
the testes have atrophied or become diseased. Hormaily in males 
at puberty, about the age of fourteen to sixteen years, there occur 
a series of changes which are associated with sexual maturity and 
the development of spermatozoa in the testes. In man a growth 
of hair appears on the pubis and on the face, the voice deepens, and 
the features become more characteristically male. In animals these 
secondary sexual characteristics are often associated with striking 
changes, such as the growth of characteristic horns or plumage. If 
the operation of castration is performed before puberty, the repro- 
ductive apparatus which is left (vesiculae seminales and prostate, 
hut not the penis) atrophies; the secondary sexual characters do 
not develop ; the voice does " not break,” the body remains sexually 
infantile, but never assumes female characters. In bygone days 
the operation was practised to provide choir singers and eunuchs to 
attend harems. The body, however, grows, and in some cases there 
is overgrowth of the skeletal and adipose tissues. Advantage is 
taken of this fact; e.g. the castration of cocks to provide table 
birds (capons). In eunuchs the legs often grow unusually long. 

In animals • there is corroborative evidence of the same nature. 
Thus in the cock castration arrests the development of the comb and 
spurs ; in the stag antlers ; growth is arrested in horned cattle where 
both sexes have horns, their growth is not inhibited by castration, 
though their shape may be affected. In Herdwick sheep,- where 
the males are horned and- the females hornless, the presence of the 
testes is essential, not merely for the initiation but also for the 
continuance of horn growth. Castration stops horn growth at every 
stage of development. (Marshall.) The operation is practised 
extensively on bulls, rams, and horses not 'needed for breeding 
purposes, as they become more docile. 

Ligature of the ductus deferens leads to atrophy mf the semi- 
niferous tubules, whilst the interstitial cells are not affected, or 
hypertrophy (Steinach), and the secondary sexual characters develop 
as usual. It is because of this that most investigators agree that 
the interstitial cells of the testis are the source of the^ internal 
secretion. These cells have all the appearances of secreting cells 
■’and their full development coincides with the first appearance of 
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spei’inatogeriesis. Transplantation of a testis to an abnormal position 
in the body cavity of a castrated animal is followed by development 
of the secondary sexual characters. This experiment was first done 
by grafts by Bexthold as long ago as 1849, but 8ubsec[uently extracts 
were substituted and it was discovered that the extracts of different 



' Fiq. 291. — Illustration of the secondary sex characteristics in birds. The effect of castration 
(capon) and the adininistration of androgen is shown. 

animals were interchangeable. It is evident, therefore, that the 
internal secretion acts chemically on the parts concerned and not 
through the intermediation of the nervous system. 

The male sex hormone of the testis, now called testosterone, has 
been obtained in crystalline forms as an oxyketone having the 
empirical formula GjgHggOg, and its strength has been standardised 
according to its power of promoting comb, wattle and ear lobe 
growth in castrated fowls and its power of stimulating the growth* 
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of the seminal vesicles. More recently a more convenient colorimetric 
method has been devised for estimating it. 

Testosterone prevents also the degenerative changes which 
take place in the seminal vesicles and epididymis after castration. 
If a young animal is castrated, the injection of testosterone leads 
to the normal development of the sexual organs and sometimes 
exaggeration of the secondary sexual characteristics. The animal 
becomes fiercer and more dominant and sometimes there is an 
increased growth of the muscles. Testosterone has been used with 
adA’^antage in undeveloped boys with undescended testis. 

There have now been obtained from various sources a number of 
other masculinising substances known as androgens, which have the 
power of promoting the growth of the secondary sexual characteristics. 
They appear in boys about the age of ten. 

Several similar substances may also be extracted not only from 
male urine but also from female urine, and in cases of tumour of 
the adrenal cortex this may be increased thirty -fold. It is possible 
to extract from the ovary comb-growth promoting substances and 
oestrogenic substances from the testis. By grafting ovaries into 
castrated males such as drakes and guinea-pigs it is possible to 
alter their secondary sexual characteristics into those of the female, 
who is then treated as such by males. The mammary glands secrete 
milk and the penis degenerates in males so treated. 

These facts indicate how little is the difference between 
masculinity and femininity and that the production of ova or 
spermatozoa depends on whether male or female sex hormones 
predominate. This in turn depends on the possession by the 
sperms of the appropriate X or T chromosome which depends on 
inheritance. 

The activities of the testis both in regard to spermatogenesis and 
internal secretion are controlled by the anterior lobe of the pituitary 
body. Extracts of this body hasten both sexual maturity and the 
development of the internal secretion, while removal has the. 
opposite effect. There is, however, also a kind of reverse reaction, 
for castration leads to an overgrowth of the basophil cells of the 
pituitary and the appearance of the so-called castration cells, 
i.e., basophils with a signet-ring shape, while the injection of male 
hormone brings about a return to normal. 

The Prostate . — The function of Cowper’s glands and the glands 
of the prostate is probably to add to the semen, and to cleanse the 
urethra from urine prior to ejaculation j the first fluid to come out 
certainly contains no spermatozoa. Its contents may be squeezed 
out by the passage of hard faeces. 

Rejuvenation . — ^In 1889 Brown-S6quard, a neurologist of Pans, 
claimed to . have rejuvenated himself by extracts of testis. This 
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was the first time a ductless gland was ever used therapeutically. 
Later YoronofF made similar claims from the injection of “monkey 
gland ” (testis). 

The possible psychological effects in man have not, however, 
been adequately excluded, and unprejudiced observers have failed 
to confirm the claim that merino sheep so _^treated retain the fine 
quality of wool characteristic of young animals. It has been 
suggested by Steinach 'that the tying of the spermatic cord might 
promote rejuvenation by causing the acinal cells to degenerate and 
thus allowing the cells of internal secretion more room to grow. 

Ovary. 

In the human female, sexual 'maturity or puberty is attained 
about the age of thirteen or fifteen and is characterised by ^owth of 
pubic hair, the occurrence of menstruation, and a growth of the 
mammary glands, but few other changes. After puberty ovari- 
ectomy, a common operation because of disease, causes a cessation of 
menstruation and typical atrophic changes in the uterus with slight 
atrophy of the breasts and external' genital organs. Sometimes there 
are metabolic changes as at the menopause (see p. 818). In the lower 
animals certain cyclic changes also occur and their study has shed 
much light on what occurs in w;omen. 

The CBstrous Cycle. 

It had long been known that the occurrence of the periodic 
changes in the reproductive organs of female animals is dependent 
on the presence of the ovaries and our knowledge of the subject 
was much clarified by the work of Heape and of Marshall in 
Cambridge. Most female animals will only receive the male during 
a definite period in the reproductive cycle known as oestrus or 
“ heat.” Careful investigation of this period in the smaller laboratory 
animals, such as the mouse, rat and guinea-pig, has revealed a series 
of well recognised stages which give opportunity for putting the 
sex hormones on a convenient experimental basis. The pro-cestrus, 
lasting eighteen hours in the mouse, is characterised by a generalised 
congestion of the uterus and vagina with some bleeding, while a 
smear taken from the vagina shows nucleated epithelial cells. Tn 
oestrus proper there is still more congestion but the vagina is almost 
dry, while a smear now shows keratinised cells which have been 
lining the vagina. They are like the superficial cells of the skin, 
flat, non-nucleated and stain with eosin. This stage lasts fort}'-two 
hours and thereafter all the congestive changes subside into a period 
of rest or dioestrus of two or three days in the mouse in which the 
smear shows only leucocytes. Since the subsidence of oestrus is 
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associated with and apparently dependent oh the corpus luteum this 
is known as the luteal phase. 

Extracts of the ovary have been prepared which when injected 
into ovariectomised animals produce all the changes of "heat" 
- and the term oestrogens has been given to the cestrus-producing 
substances generally. Of these a pure crystalline substance has now 
been isolated and is known as cestradiol. ' 

That the substance is not produced by the G-raafian follicles is 
shown by the fact that after all the follicles in the ovaries have 
been destroyed by X-rays, mice have a regular cycle, (Parkes). 
It seems probable then that the hormone is produced by the 
interstitial cells. 

The main obstacle to the correct interpretation of the mechanism 
involved in the control of the reproductive cycle is that oestrogenic 
substances can be extracted from many other tissues and body fluids, 
especially the urine, where they appear as slightly altered excretion 
■products. Eor instance, the richest source of material is provided by 
the urine of the stallion. Highly active material can also be prepared 
from the urine of pregnant women and (gs^noZ)and from the 

placenta. 

Chemically, the cestrogens are related to the sterols but the 
substances found in the urine are weaker than those found in the 
ovary and testis. (See also Cholesterol.) 
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They may be standardised by finding the minimum dose which 
will produce an artificial oestrus in the ovariectomised mouse. 

Ovarian grafts produce similar effects in the castrated animal 
and in humans. They may for a time also produce ova, but the 
grafts usually degenerate after about a year. 

By grafting testis into ovariectomised .females such as ducks and 
guinea-pigs, it has been found possible to cause them to develop the 
secondary sexual characteristics of the male.^ The injection of 
testosterone into the female monkey inhibits maturation and 
luteinisation of the follicles and suppresses the menses (Zuckermann). 
A conversion (known as virilism) sometimes occurs in women from 
overgrowth of the adrenal cortex.. 
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Tile Action of (Estrogens.* — The effects of removah of the 
ovaries and a study of the effects of the injection of extracts into 
different animals indicates that oestrogens are concerned with the 
promotion of sexual maturity in the female and that they have a 
definite function in relation to pregnancy. CEstrus- re;^resents 
probably the preparation of the uterus for the reception of a 
fertilised ovum, but the final adaptation is brought about by^ the 
corpus luteum acting upon an oestro-sensitised uterus. Experi- 
mentally, Nicol has shown that a deposition of fat takes place in 
that part of the uterus to which the fertilised ovum is usually 
attached. 

(Estrogens also increase the movements of . the uterus, and this 
together with their apparently increased production towards the 
end of pregnancy in many animals has suggested that they may play a 
part in determining the onset of labour. It has been foimd possible 
to cause the expulsion of a live foetus from an oestro-sensitised 
uterus with oxytocin from the pituitary. This has not, however, 
been found possible in human subjects, but the sensitising effect 
is easily shown experimentally on animals. (Bell.) 

The oestrogens have, however, an effect on the higher monkeys 
and women. They cause congestion and proliferation of various 
parts of the uterus-muscle, epithelium and glands, but there are no 
pro-oestrus changes although there is bleeding when the administra- 
tion is stopped. There may be breast enlargement. ■\^Tien given to 
ovariectomised women, oestrogens cause a return of the uterus to 
its normal condition, but actual menstruation does not occur. 

The action of the mstrogens is not confined to the female. In 
the male it causes prostatic enlargement while the female elements 
of the male, such as the uterus masculinus, enlarge. The cock’s comb 
shrinks and female plumage appears. (See Parkes.) 

The Corpus Luteum. — We have already seen that this structure 
increases in size if pregnancy ensues, and it is now known that the 
corpus lutemn forms a hormone responsible for hypertrophic changes 
in the ,uterus and mammary glands necessary for embedding of the 
ovum and nourishment of the foetus. 

Thus in the rabbit and ferret, in which. OAuilation only occurs as a 
consequence of coitus, the growth of the corpora- lutea is associated 
with uterine and mammary growth, although the animals are pre- 
vented from becoming pregnant by the employment of sterihsed males 
(Ancel and Bouin). In such cases the uterine mucous membrane 
undergoes vascular and glandular changes similar to those occurrino- 
in pregnancy, and at the same time the mammary glands develop 
to an extent sufficient to admit of the secretion of milk. This 

* Most of the experiments have been made -with ovarian extracts -ivhich o-we 
their activity to oestradiol. 
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condition is called “ psendo-pregnancy.” In all tliese animals the 
corpus luteum of pseudo-pregnancy, persists for nearly as long as 
that of pregnancy. On the other hand, in man, and, in some other 
manimals, where the periods recur frequently, the corpus luteum 
persists only for a short time if pregnancy does not supervene after 
ovulation. 

The growth of the corpus luteum is necessary for the continuance 
of normal pregnancy, for this comes to an end if the ovaries are 
removed unless luteal extract is given. Since even a mechanical 
stimulation of the uterus by a glass bead wiU, during a pseudo- 
pregnancy, cause the development of a decidua it may be concluded 
that the corpus luteum is concerned with the formation of the 
placenta, which in turn stimulates luteinisation. (Ashdell.) 

The evidence is complete also that the corpus luteum plays a 
considerable part in preparing the mammary glands for lactation, 
but does so only with the co-operation of oestrogen and the prolactin 
of the pituitary — and later by a hormone of the placenta. 

Some workers recognise the existence of a separate hormone, 
relaxin, which softens the pelvic ligaments after treatment with 
oestrogen. The corpus luteum regresses towards the end of 
pregnancy. 

Progesterone is the name given to an active principle which has 
been extracted from the corpus luteum and many such substances 
have been synthetised or extracted from other sources. The cessation 
of its administration after oestrogen' brings about a typical break- 
down of the uterine mucosa and bleeding. It makes possible also 
the continuance ~of pregnancy even after removal of the ovaries. 
Its injection prevents normal ovulation, reduces the muscular 
activity of the uterus and prepares the mammary glands for 
lactation. Generally progesterone is antagonistic to cestrin, of which 
about 675 rat units were antagonised by 3 of progesterone. 
Provided the uterus is present progesterone is excreted as preg- 
nandiol glucuronate in the urine. 

Progesterone is a sterol closely related to the corticosterone of 
the adrenal cortex as its formula indicates. It is stated to be 
physiologically interchangeable. 


CHg CO.CHg 



Progesterone 

It may be given by the mouth 


CH3_C0 . CHgOH 



Desoxycorticosterone 
injected intramuscularly. 
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The rabbit unit of progesterone is the amount needed to produce 
in the uterine mucous membrane changes similar to early pregnancy 
when the female has its ovaries removed soon after coitus. In 
this animal, as we have already said, ovulation occurs at coitus. 

The Pituitary Control of the Gonads. 

From what has been said in relation to diseases of the pituitary 
body it is evident that there is an intimate relationship between 
this organ and the gonads. The subject was placed on an experi- 
mental basis when Evans and Long observed that the injection 
of anterior extract caused an enormous increase in the number 
of the corpora lutea, thus showing increased ovulation. Later 
Smith and Engle also Zondek and Aschheim independently showed 
that the administration of anterior lobe tissue into immature rats 
resulted in precocious oestrus, marked ovarian follicular develop- 
ment and super-ovulation, while Corner and others demonstrated 
that pituitary administration produced mammary activity in 
rabbits. 

It has now been possible to extract from the pituitary body 
two distinct substances, one follicle-stimulating and the other 
luteinising. The former is found in the water-soluble fraction of 
pyridine extracts and in acid extracts, the latter in the insoluble 
fraction and in alkaline extracts. The follicle-stimulating hormone 
causes rapid growth of the- Graafian follicles and many ova 
are produced and discharged. It acts also on immature ovaries. 
The luteinising hormone will act on mature ovaries but not on 
immatm’e ovaries unless they have received follicular stimulation. 
It hastens the formation of the corpora lutea from unripe follicles. 

The urine of pregnant women if injected into mice or rabbits 
produces a luteinising effect and this is the basis of the Aschheim- 
Zondek test for pregnancy. There is, however, evidence that the 
immediate source of the hormone is in part at least derived from 
the placenta. It is increased in placental tumours. 

In practice the blood spots due to haemorrhage into the ovarian 
stroma which takes place at the same time as maturation of the 
follicle and luteinisation are taken as evidence of reaction. Labbits 
may also be used or Xenopus, the South African clawed -toad 
(Hogben and Bellerby). In the horse the gonadotroi)ic hormones 
are present in the pituitary body but they are absent from the 
human, it may be, because they are so freely secreted. 

The anterior lobe of the pituitary also produces the substance 
prolactin, which is partly responsible for lactation. 

It now appears probable that the' pituitary actimty is closely 
related to and may be responsible for sexual desire. It has been 
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shown that if the anterior lobe of the pituitary is removed coitus 
does not produce ovulation or the other changes which occur in the 
rabbit. . It is also known that complete removal of the iiterus and 
ovaries in women does not obliterate sexual desire. 

THE INTER-RELATIONSHIP OF THE 
.. SEX HORMONES 


1 felalive size 



Fig. 292.— F S, folIicIe-stimUlatiDg ; L S, luteinising ; O, cestrodiol ; 

C L, progesterone. (After Seeker.) 

The pituitary also controls the activity of the testis. The 
injection hf anterior lobe extracts hastens sexual maturity win e 
removal of the pituitary leads to complete loss of sexual activity. 
These changes are also seen in disease of the pituitary. ^ ^ n . i 
A diagrammatic summary of the various activities of .the 
pituitary body in relation to reproduction is indicated by the 
above figure. 
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Lactation and Mammaet Glands, 

When a mammal is horn it is at first dependent for nourishment . 
on a supply of milk from the mammary glands. These glands, 
which are of the typical compound racemose variety, pass through 
a series of changes during the sexual life of the female. 

Before puberty they are rudimentary but thereafter develop 
small groups of alveoli in abundant fat and connective tissue, and 
remain in this state in the virgin. These changes are believed 
to be due to the ovarian hormones since atrophy occurs after 
castration in monkeys, while oestrin prevents the atrophy and 
causes growth in the immature animal. Without progesterone the 
growth, however, is incomplete. 

If, however, pregnancy occurs they undergo a remarkable 
increase in size. The gland ducts bud out and new alveoli are 
produced. The cells of the alveoli elongate towards the lumen, 
their nuclei divide and in the part nearest the lumen fat globules 
appear. Later this part of the cells containing a nucleus with 
the fat and other substances, disintegrates to form milk in the 
alveoli. During this period the nipples become thickened and 
more prominent, their surroundings more dusky, and it may be 
possible to squeeze milk from them, especiall}^ when the pregnancy 
is near its end. The first milk or colostrum is especially rich in 
fat and contains the colostrum corpuscles which are probably 
epithelial cells from the ducts or alveoli. The proof that those 
changes are due to chemical substances transmitted by the blood ■ 
is seen by their occurrence even in a graft transplanted to another 
part of the body and deprived of its nerve supply. - 

After lactation there is a return to a resting state in winch 
the fat globules in the cells and the milk in the alveoli are 
absent, but most of the gland cells and ducts remain, while the 
nipple and the surrounding areola remain pigmented. The 
pigment appears partly to be the result of the mechanical irritation 
of sucking. 

At the menopause the mammary glands undergo atrophy, the 
alveolar tissue is replaced by fibrous tissue, fat is lost and the 
mammae lose their fullness. 

The Control of Lactation. 

- As we have seen, the growth of the mammary glands at 
puberty is brought about bj’" the action of oestrogen, but in 
pregnancy the anterior lobe of the pituitaiy appears to be re- 
sponsible for the production of the milk ; but even in the .absence 
of the ovaries, pituitary injections will bring about ,the secretion 
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of milk in rabbits (Grueter and Strieker; Corner), while removal 
of the pituitary causes its suppression (Eiddle). The hormone 
responsible appears to be distinct from the other pituitary 
hormones and is known as 'prolactin. These experiments in lower 
animals are applicable to man, for it has been found that the milk 
flow of women is increased by prolactin, w hil e m pathological 
over^owth of the pituitary milk secretion has been known to 
continue for five years. 

It -would seem that the placenta, in virtue of the oestrogens 
it secretes, eventually takes over control, for its removal with the 
foetus before the normal end of pregnancy at once causes a 
regression of the glands. Removal of the ovaries has not this 
efiect. 

■ Once the child is born, lactation is maintained by the sucking 
which maj'- act directly or stimulate the production of prolactin. 
Certainly lactation may be maintained indefinitely by this means, 
but-it ceases if a subsequent pregnancy supervenes, and this is 
the usual cause of the shortage in winter of milk from cows, which 
go dry usually about six weeks before calving.* This suggests, 
too, that there may be some factor present which inhibits the 
actual secretion of milk while the foetus is in utero. These would 
appear to be the placenta or the foetus, for milk is secreted -after 
abortion in an advanced pregnancy; and possibly also oestrin since 
lactation is inhibited when it is injected. 

Cessation of lactation and involution of the ' mammary glands 
occurs if the milk is not withdrawn and may be hastened by 
restriction of the fluid intake. 

The Nervous System in Lactation. — Although, as we have 
seen, the primary factors in lactation are hormonal and a 
denervated gland can secrete milk even if transplanted, it is evident 
that the nervous system plays some part, for tying the ducts does 
not result in the involution of the gland if suckling is allowed to 
continue (Selye), while the secretion is negli^ble if the animals 
have been sympathectomised (Cannon). It is, however, difficult 
to evaluate the latter experiments as lactation may be absent or 
reduced for a great variety of reasons, especially in states of 
lowered nutrition and certain psychological disturbances. 

The Amount of Milk Produced.— Modern' intensive dairying 
has indicated that the amount of milk secreted is largely a matter 
of diet, both carbohydrate and protein being concerned; also, of 
course, water. The amount produced by a good cow on a con- 
centrated diet of additional carbohydrate and protein mth some 
fat, say 1000 gallons a year, could not be produced by a diet 
of -grass alone. This would be sufficient to supply four calves, 

* The duration of pregnancy in the cow is nine months. 
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but it is found that intensive feeding and milking cause the cows 
to become prematurely senile. 

The Physiological' Changes in Pregnancy. 

It is convenient to summarise the physiological changes which 
occur in pregnancy as they are of considerable practical importance. 

1. Menstruation ceases almost invariably. 

2. The decidua develops and the uterus increases in size. 

3. The anterior pituitary secretes luteal stimulating hormone 
and prolactin. 

4. The corpus luteum develops in the ovary. 

5. CEstrogenic hormones derived possibly from the anterior 
pituitary, ovary, and placenta are excreted and give pregnancy 
tests in the urine. 

6. The mammary-glands enlarge and eventuallj^ produce milk, 
under the influence of prolactin and corpus luteum. Until birth 
lactation is inhibited by a hormone from the placenta. There is 
darkening of the mammarj'' areola. 

7. Tire motlier tends to be depleted especially of calcium and 
iron, and her metabolism generally, apart from that of the child, 
is reduced. 

8. Changes occur in the bones and ligaments of the pehds 
which facilitate delivery, under the influence of a hormone of 
unknown origin. 

Vitamins and Reproduction. — ^It is now clearly proved that 
a sufficiency of the fat-soluble vitamins A and E are necessary 
for reproduction (see Vitamins) and lactation. It would seem that 
they are intimately concerned with the nutrition of the special 
growth cells. 

Menstruation. — In the human subject menstruation occurs, as 
its name suggests, usually every four weeks. The flow lasts for 
three to five days, and the amoimt of blood lost may be as much as 
300 c.c. Menstruation is absent during pregnancy, and, as a rule, 
also during the subsequent period of lactation. It occurs in the 
higher primates only. In these changes in the colour of the sexual 
skin is also seen. 

During the menstrual cycle a number of histological changes 
occur in the uterus, but there is wide variation in the duration of the 
different stages given below. (See fig. 293.) 

Proliferative (6-14 days ). — A few days after the endometrium or 
mucous membrane has been repaired it begins to thicken, while its 
glands increase and become tortuous. 

PremevsirMal or secretor%j (15-28 days). — The glands now fill with 



OH. LYIII.] 


MENSTRUATION 


817 

mucus wliile tli6 stioma cells of the rapidly thickening endometrium 
greatly increase in number, the capillaries dilate and fill with blood 
until the congested mucous membrane appears corrugated and exudes 
tissue fluid, often blood stained. 

Destructive (3-5 days). — The endometrium now breaks down and 
is shed with blood, mucus and leucocytes. 

Dejjair. The congestion disappears and the endometrium is 
rebuilt. 

The exact relation of menstruation to oestrus is a matter of 
some debate. In the lower animals ovulation accompanies oestrus, 


Anterior Pituitary 



but observations made at operations in monkeys indicate that in 
higher animals and in woman it occurs midway between two 
menstrual periods. There is, however, evidence that ovulation may 
occur at other times as a response to the sexual act, as in rabbits. 
That menstruation corresponds to the congestive pro-cestrous stage 
is suggested by the fact that in the monkey the injection of oestrogen 
will cause menstruation ; on the other hand, at puberty in the monkey 
ovulation definitely precedes menstruation. Since the regression of 
the corpus luteum corresponds in time to menstruation the latter 
may be looked upon- as the result of this regression, the corpus 
luteum having been responsible for preparing the uterus for a 
fertilised ovum which did not appear. The unwanted endometrium 
is thrown off. This view conveniently explains the absence of 
menstruation in pregnancy, but there are many facts winch do not 
fit into this view. A difficulty is that oestrogen will produce 
menstruation and that a non-ovulating monkey without a corpus 
luteum continues to nienstruate from a resting endometrium. ^ The 
factor causing this breakdown cannot be the regression of the 
corpus luteum, and evidence suggests that the ovaries are concerned. 
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for it has been found that in ovariectomised monkeys oestrogen will 
not cause menstruation. Since normal menstruation is associated 
with a marked fall in blood oestrogen, and that produced by ffistrogen 
occurs after the injections cease, it may be suggested that it is the 
fall of the blood oestrogen which is , most important. There is 
probably u cyclic mechanism causing menstruation, possibly central 
or possibly in the interstitial cells, just as there is in those 
producing ova. 


The Menopause or Climacteric. 

In the female there takes place, usually between the age of, 
forty-five and fifty, a regression of sexual potentiality. The 
menstrual periods stop suddenly or gradually, the cessation being 
sometimes preceded by excessive menstruation, the glandular tissue 
of the mammary glands degenerates and is replaced % fibrous tissue 
or fat, while in some there is a degeneration of the sexual organs. 
Sexual desire, which is apparently a pituitary function since it 
persists after complete removal of the ovaries and uterus, may 
persist. The ovaries, however, cease to produce ova or corpora 
lutea and reproduction is no longer possible. 

General changes often occur. There may be a gross exaggeration . 
of the “ middle-aged spread ” or weight may be lost. Various psychic 
changes, notably depression and irritability, also occur and are 
successfully treated by the administration of oestrogens which make 
“ the change of life ” less abrupt. Vitamin E has also been found 
of great benefit especially for the vasomotor disturbance which 
occurs at the menopause. The beneficial efiect of pituitary hormones 
in cases of Simmonds’ disease suggests that the climacteric may be 
due to basic pituitary changes. 

General References to Sex Hormones. — ^Allen, 1931 ; Hamblin, 1939. 

Feetilisation. 

Fertilisation is the union of the male and female gametes, 
that is to say, of the spermatozoon and the mature o^nim. 

The act of coitus or copulation is associated in both sexes with 
much psychical excitement, and with the phenomenon of erection. 
The spermatozoa are thus deposited at the entrance of the 
uterus,, and by means of the flagellar movement of their tails they 
make their way against the stream of ciliary movement into the 
Fallopian tubes, where they are found in a li^dng condition for 
many days. It is here that they meet the mature omm and 
occasionally the ovum becomes embedded in the wall of a tube, 
normally in man it passes down to the uterus. Fertilisation or 
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impregnation only requires the entrance of one spermatozoon into 
the ovum. ~ The spermatozoon pierces the zona pellncida^ and the 
head, neck, and possibly part of the body enter the substance of 
the ovum, where they undergo transformation, and are converted 
into, a rdale pronucleus which fuses with the female pronucleus to 
complete the process of fertilisation. 

Loeb suggested that the action of the spermatozoon is essentially 
chemical, because in certain animals (for instance sea-urchins) he 
was able to' produce artificial parthenogenesis by purely chemical 
methods. When the ova of the sea-urchin are placed in dilute 
acetic or formic acid, a membrane is formed upon the surface 
of the egg-cell as it is in normal fertilisation; if the ova are then 
transferred to concentrated sea water for a short time and then 
placed in ordinary sea water, they segment and produce normal 
larvae; He considered that the spermatozoon brings with it enzymes 
or other chemical substances which excite the ovum in the same way 
as the chemical reagents mentioned. Such artificial fertilisation has 
now been carried out in frogs’ eggs. 

, The changes by which the fertilised ovum is transformed into 
the young animal may take place either inside or outside the 
body of the parent. If they take place inside the parent, as in 
mammals, including the human subject, the ovum is small, and 
the nutriment necessary for its growth and development is derived 
from the surrounding tissues and fluids of the mother. If the 
development takes place outside the parent’s body, as in birds, 
the egg is larger; it contains a large amount of nutritive material 
called the yolk, and it may, in adfition, be surrounded by sheaths 
of nutritive substance. Thus, in the hen’s egg, the yellow part 
alone is comparable "with the mammalian ovum, and the larger part 
of that is merely nutritive substance. Upon the yolk is a whitish 
speck, the cicatricula, which is a small mass of protoplasm, about 
^ of an inch in diameter. In the cicatricula lies the nucleus or 
germinal vesicle, and it is this small mass of protoplasmic substance 
which divides and grows to produce the chick; the yolk and the 
surrounding white are used as food. 

- Ova such as the hen’s, in which only a small part, the cicatricula, 
di'vides and grows, are called meroblastic. Small ova, with little food 
yolk, such as the human ovum, di'vide completely during development, 
but numerous gradations occur between the two extreme types. 

The further development of the indi'vidual systems of organs by 
which the embryonic rudiments are converted into the^ more fully 
developed condition in which they are found at birth is a subject 
fully treated in works on anatomy, embryology, and obstetrics, 
and need not be dealt with in this volume. The nutrition of 
the embryo and the circulation of its blood are, however, matters 
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of primary importance, so that it is necessary to refer to the' 
ori^n of the foetal membranes, as it is by their means that 
nutrition is carried on. 


The Decidua and the Dostal Membeanes. 


When the uterus is ready for the reception of an embryo it is lined 
by a greatly hypertrophied mucous membrane. This is called the 
decichia, because, after the delivery of the child, a portion of it comes 
away from the uterus with the other membranes. 

The ovum has been fertilised in the FaUopian tube, and the 
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Fio. 294. — Diagram representing the relation of 
the developing embryo to the decidua at a very 
early stage. 1, Uterine muscle; 2, epiblast 
of embryo; 3, inner cell mass of embryo; 
4, decidua basalis ; 5, decidua capsularis ; 
6, decidua vera ; 7, cavity of uterus. 


embryo, by the time it reaches 
the uterine cavity; has usually 
reached the stage of a morula or 
blastula. It rapidly eats its way 
into the substance of the decidua 
which closes over it, obliterating 
the opening through which it 
passed, and thus the embryo 
becomes embedded in the mem- 
brane, which thereupon becomes 
separable into three parts. 1. 
The part between the embryo and 
the muscular wall of the uterus, 
the decidua hasalis or scrotina. 
2. The part between the embryo 
and the uterine cavity, the decidua 
capsularis or rejiexa. 3. The re- 
maining part is called the decidua 
vera. Between the decidua capsu- 
laris and the decidua basalis lies 


the embryo, which speedily becomes differentiated into the foetus 
and its membranes. The outermost of the foetal membranes is the 


chorion; this is covered with vascular %dlli, wliich dip into the 
decidua capsularis and basalis. Inside the chorion is the amnion, a 
closed sac, which surrounds the embryo and is attached to its ventral 
wall at the umbilicus. The amnion is filled with fluid, the amnioiic 
fluid in which the foetus floats, and it forms a sheath for the umbilical 
cord by which after a certain time the foetus is attached to the inner 
surface of the chorion, or outer embryonic membrane. The umbilical 
cord contains not only the blood-vessels which pass between 
a specialised portion of. the chorion which forms the foetal part 
of the placenta, and the foetus, but also the remains of the 
yolk-sac, and the duct by which it is connected with the intestine 
of the foetus. 
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_ As the embryo grows the decidua capsularis ' is expanded over 
its surface, and as the growth continues the uterine cavity is 
gradually obliterated and 
the decidua capsularis is 
forced into contact with 
the decidua vera, with 
which it fuses. 

As the decidua is merely 
thickened mucous mem- 
brane, it naturally contains 
wliich become en- 
as the decidua thiclc- 
ens. It was believed, at 
one time, that the villi of 
the chorion entered the 
glands, but tiiis is now i 

known to be incorrect. 

The villi enter the inter- 


Fia. 295.— Diagram representing a later stage of develop- 
ment than that shown in fig. 294. 1, Uterine muscle; 
2, villi of chorion of embryo; S, coelom; 4, decidua 
basalis; 5, decidua capsularis; 6, decidua vera; 7, 
cavity of uterus; 8, bodystalk; 9, amniotic cavity; 10, 
primitive intestine; 11, yolk-sac. 

entirely. In the decidua basalis and the decidua vera the superficial 
portions of the glands also disappear ; their deep portions remain in 
an almost unchanged condition, and furnish the epithelium for the 
regeneration of the glands and the Lining of the uterine cavity after 
parturition. The intermediate parts of the glands in the decidua 
vera and the decidua basalis become very 'much enlarged, and form 
a stratum of the decidua called the spongy layer, and ultimately this 
layer is converted into a series of clefts, and it is along the line of 
these clefts that the decidua is separated at birth. 

In some mammals in which- the connection between the chorion 


glandular substance, and, 
in the human subject, the 
glands of the decidua eap- 
sularis eventually disappear 


glands 

larged 



and the decidua is less intimate than in the human subject, the 
glands persist to a greater or less, extent, and secrete a fluid called 
uterine milk , which is absorbed by the chorion. 

The portion of the decidua which undergoes the greatest change is 
the decidua basalis. In it a number of large blood spaces is formed, 
and these are separated into masses or cotyledons by fibrous 
strands. The cotyledons are penetrated by chorionic villi, and^ it 
is this conjunction of chorionic villi and decidua basalis ^ which 
produces the placenta. The blood-vessels of the chorionic villi are 
usually formed by the mesodermic covering of the allantois, another 
foetal outgrowth. Its origin from the hind-gut is shown in fig. 295. 

The placenta is the organ of fcetal nutrition and excretion, and 
at full term it is seven or eight inches across and weighs nearly a 
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pound. Its blood sinuses are filled with maternal blood, which is 
carried to them bj the uterine arteries and away from them by the 
uterine veins. Into these blood-filled spaces the vascular loetal villi 
project. The foetal blood is carried to the placenta by the umbilical 



Fig. 296, — Diagrammatic vieiv of a vertical transverse section of the ntems at the seventh or eighth 
week of pregnancy, 'c, c, c", Cavity of uterus, which becomes the cavity of the decidua, opening at 
c, c, the cornua, into the Fallopian tubes, and at € into the cavity of the ceirix, which is closed by 
a ping of mucus ; dv, decidua vera ; dr, decidua reflesa, with the sparser villi embedded in its 
substance; ds, decidua basalis or serotina, involving the more developed chorionic villi of the 
commencing placenta. The foetus is seen lying in the amniotic sac ; passing up from the umbilicus 
is seen the umbilical cord and its vessels passing to their distribution in the villi of the chorion; 
also the pedicle of the yolk-sac, which lies in the cavity between the amnion and chorion. (Allen 
Thomson.) , 


arteries, wbich are the terminal branches of the aorta of the foetus : 
these pass to- the placenta by the umbilical cord, and the blood is 
returned, through the cord, by the umbilical vein. 

The placenta shows three markedly different stages of develop- 
ment, each predominating in different types of mammals, but all 
showing in some degree in man. (Marshall.) 

1. The Ungulate Type have the uterine glands of the decidual 
portion of the placenta and secrete profuse quantities of fluid (the 
uterine milk of Harvey) which is absorbed by the villi of the 
trophoblast. 
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2. The Carnivorous Type . — Here the uterine secretion is relatively 
little and transient, but the decidua undergoes marked degenerative 
changes acepmpanied by autolysis. The resultant autolysate, known 
as embryotrophe, appears 
to be absorbed by the cells 
of the villi. 

3. The Primate Type . — 

In this case the degenera- 
tive changes are very pro- 
nounced and the foetal 
blood is separated from 
the maternal by only the 
capillary epithelium and 
traces of the cytotropho- 
blast. Nutrition is by 
diffusion direct from the 
foetal to tlie maternal 
blood. At full term the 
placenta is a partially 
degenerated and a necrotic 
organ. 

The functions of the 
placenta are : — 

(a) Nutritive . — ^As out- 
lined above. 

(b) Secretory . — As indicated on p. 815, there is now evidence that 
the placenta is concerned in the elaboration of a hormone which is 
somehow concerned with the nutrition of the foetus, but how is by 
no means clear. It presumably plays some part in activating 
luteinisation. 

During pregnancy this secretion is excreted in the urine and 
is presumably responsible for the gonadotropic content of this 
urine. With the removal of the placenta at birth the hormone is 
absent. 

(c) Exeretory . — ^Waste products of foetal metabolism pass into 
the maternal blood (as well as appearing in the allantoic and 
amniotic fluids). 

(d) Storage.— M, a period about half-way to two-thirds through 
pregnancy the placenta attains its maximum development. It then 
contains (mainly in the decidual portion) fat, glycogen and iron. 
At this stage the foetal liver is relatively small and contains little 
glycogen and fat. With the later development of the liver, this 
“ hepatic function ” of the placenta becomes reduced. 

(e) Respiration . — Oxygen and carbon dioxide traverse the 
placenta .by diffusion dependent on pressure difference on the 


2 



Pio. 297. — ^Diagram representing a later stage of develop- 
ment of membranes and placenta than that shown in 
ftg. 296. 1, uterine muscle; 2, placenta; S, yolk-sac; 
4, fused decidua vera and capsularis ; 6, primitive blood, 
vessel of embryo ; 6, amniotic cavity (outer surfece of 
amnion is fused with inner surface of chorion) ; 7, um- 
bilical cord ; 8, fmtal villus in placenta. 
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two sides of the membrane. Viruses but not certain colloids, 
e.g. pyrrol-blue, also traverse it. 

- The amniotic fluid consists of water containing small quantities 
of protein, urea, and salts. ■ It is an exudation from the foetal and 
the maternal blood, and the urea in it comes from the foetal urine 
which is poured into the amniotic cavity in the later part of 
pregnancy. Its function is mainly mechanical; it supports the 



embryo on aU sides, and protects it from blows, other injuries to 
the abdomen of the mother, and from sudden irregular contractions 
of the abdominal walls. 

If a pregnant animal is injected with pyrrol-blue (which is 
normally taken up by the reticulo-endothelial system) the appearance 
and behaviour of the placenta are most striking; the blue colour 
disappears from the skin and is concentrated in the uterus, and 
in time the latter, ' forming a centre of attraction for the dye, 
ultimately dispossesses all the remaining tissues of their blue. In 
the uterus it is in the free cells of the decidua basahs that the stain 
is mainly found. In quite early stages the stained ceUs penetrate 
into the primitive placenta and cast off their stained granules, 
which are snatched up by foetal cells in the way nutritive material 
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is. But when once the placenta has attained maturity, the dye 
is found only in the foetal cells wliich form the layer which separates 
the maternal and foetal tissues. The foetus itself remains perfectly 
colourless, the stain not being able to penetrate this protective 
barrier. Bimther research has shown another important point, 
for the same cells which vigorously absorb the stain store also 
glycogen, fat, and hsemoglobin temporarily before these substances 
pass into the foetal circulation. The avidity of such cells for the 
dye is thus connected with their functional activity, in relation to 
really nutritive material; the importance of vital staining in 
embryological research is therefore apparent. (Huggett.) 

The Foetal Circulation. 

We shall not enter into the complex manner in which the heart 
and blood-vessels of the fontus develop from the embryonic rudiments ; 
but when these are fully formed the circulation of the blood is found 
to difiPer considerably from that which occurs after birth. It will 
be convenient to begin its description by tracing the course of the 
blood, which, after being carried to the placenta by the two umbilical 
arteries, has returned, oxygenated and replenished, to the foetus by 
the umbilical vein. 

It is at first conveyed to the under surface of the hver, and there 
the stream is divided — a part of the blood passing straight on to the 
inferior vena cava, through a venous canal called the ductus venosus, 
while the remainder passes into the portal vein, and reaches the 
inferior* vena cava after circulating through the liver. Whether, 
however, by the direct route through the ductus venosus or by the 
roundabout way through the liver — all the blood which is returned 
from the placenta by the umbilical vein reaches the inferior vena cava 
at last, and is carried by it (together with the blood from the lower 
part of the body and lower limbs) to the right auricle of the heart, 
into which cavity is also pouring the blood that has circulated in the 
head and neck and arms, and has been brought to the auricle by the 
superior vena cava. It might be naturally, expected that the two 
"streams of blood would be mingled in th'e right auricle, but such is not 
the case, or only to a slight extent. The, blood from the superior vena 
cava — the less oxygenated fluid of the two — ^passes almost exclusively 
into the right ventricle, through the auriculo-ventricular opening, just 
as it does in the adult; while the blood of the inferior vena cava is 
directed by the fold of the lining membrane of the heart, called the 
Eustachian valve, through the foramen ovale into the left auricle, 
whence it passes into the left ventricle, out of , this into the aorta, 
and thence to all the body, but chiefly the head and neck. The 
blood of the superior vena cava, which, as before said, passes into the 
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rif^ht ventricle, is sent out from there in small amount through the 
pulmonary artery to the lungs, and thence to the left auricle, by the 
pulmonary veins, as in the adult. The greater part, however, does 
not go to the lungs, but instead passes through a canal, the ductus 
arteriosus, leading from the pulmonary artery into the aorta just below 


To i>eatl 



Fig. 299. — ^Diagram of the fetal circnlation. With the exception of the portal vein, P.V., the darh 
shaded vessels are peculiar to the fetus and disappear in the adult. 


the origin of the three great vessels which supply the upper parts of 
the body; and there meeting that part of the blood of the inferior 
vena cava which has not gone into these large vessels, it is distributed 
with it to the trunk and other parts — a portion passing out by way 
of the two umbilical arteries to the placenta. From the placenta it 
is returned by the umbilical vein to the under surface of the liver, from 
which the circulation started. 
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The Respiration and Nourishment of the Foetus. 

The subject of the respiration of the foetus has been studied 
especially by Barcroft and Huggett and the following points 
appear clear: — 

1. The transference of gases to.and from the foetus is by diffusion. 

2. The dissociation curve of the foetus is shifted to the left and 
upwards, whereas that of the pregnant animal is shifted to the right 
and downwards compared with the non-pregnant animal. The latter 
shift is due to decreased while the former is due to a different 
type of hsemoglobin as is indicated by the different shape of the 
dissociation curve. These changes in the foetal and maternal blood 
result in a higher saturation of foetal hsemoglobin at relatively low 
oxygen pressures than would otherwise occur. 

It is evident that the foetus receives all its nourishment 
from the mother through the placenta. It is presumed that the 
substances necessary, glucose, amino-acids, salts, and the like, pass 
through the walls of the blood-vessels of the villi by a process of 
diffusion. 

. It has been found that the blood of the foetus differs somewhat 
from that of the mother, especially in regard to the variety of 
hsemoglobin it possesses. The foetal hsemoglobin is capable of 
becoming saturated at a lower partial pressure than that of 
the mother. This obviously facilitates the loading of oxygen which 
is made particularly readily available by the fact that the blood 
loses alkalinity during the second half of pregnancy. Thus the 
pressure head of oxygen in the placenta is increased, the decreased 
alkalinity having a similar effect to the addition of carbon dioxide. 

Paetueition. 

During pregnancy the uterus and its contents increase in size, 
and we have already alluded to the changes in its mucous membrane 
or decidua, and the formation of the placenta; the principal factor 
in the distension of the uterus is the accumulation of the amniotic 
fluid. The muscular wall of the uterus also hypertrophies ; this is 
in part due to the formation of new muscle-fibres, and in part to the 
increase in size of the- pre-existing muscle-fibres. The muscular 
wall is one of immense strength. 

The fmtus “comes to term” in the human subject on the 
tenth menstrual epoch after conception ; this averages 280 days 
after the last menstruation. Delivery is the result of uterme 
contractions or “ labour pains ” ; the liquor amnii is thus force 
downward and presses the membrane formed by the fused amnion 
and chorion through the cervix of the uterus which is gradually 
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distended. When the distension is sufficient the membrane ruptures, 
and the amniotic fluid escapes. • The orifice, is then fully distended, and 
the fatal head enters the pelvis, the pains become more frequent 
and energetic, and the voluntary muscles of the abdomen are brought 
into play, so' that ultimately the new-born child is expelled to the 
exterior. The process usually lasts some hours, but the time is much 
prolonged (ten, twenty, or even more hours) in the birth of a' first 
child. The child is still connected with the placenta by the umbilical 
cord, which is about 20 inches long, and this connection should not 
be severed for a few minutes in order that as much blood as possible 
may be aspirated from the foetal part of the placenta into the child 
as breathing commences. 

After the child is expelled, the contractions of the uterine walls 
recommence after a lapse of twenty to thirty minutes, and the 
, placenta is separated and forced out. The separation extends 
through the decidua along the line of the stratum spongiosum, and 
the fused chorion, amnion and decidua turned inside out, follow the 
placenta to which they are attached, constituting, with the placenta, 
the after-birth. 

After the umbilical cord is tied and separated, the umbilical 
arteries inside the child become filled with blood-clot, and are 
ultimately^ converted into fibrous cords, the so-called obliterated 
hypogastric arteries; at the same time the allantois is also con- 
verted into a fibrous strand, the urachus, which extends from the 
apex of the bladder to the umbilicus. 

The haemorrhage from the uterus which accompanies and follows 
the after-birth may be, profuse at first, but under normal conditions 
is soon checked by the ffim contraction of the uterine walls. 

Although it has been shown that delivery may occur when all nerves 
connecting the uterus with the central nervous system are cut through, the 
contractions of the organ are normally influenced reflexly through the nervous 
system. Stimulation of various sensory nerves wiU produce contractions of the 
pregnant uterus, and premature delivery may occur as the result of mental and 
physical disturbances. 

The determining factor which produces the labour pains at a particular dale 
has been much discussed ; some think it is maternal in origin, such as a degenera- 
tive condition set up in the placenta or decidua, whereas others consider that 
the initial impulse comes from the fcntus, which secretes certain products that 
stimulate uterine contraction. 

After delivery, the uterus undergoes reduction in size at a fairly 
rapid rate. This has been attributed to fatty degeneration but 
for this there is little eiddence. The theory at present most in- 
vogue to explain “involution of the uterus” is that the process is 
one of autolysis due to the action of intracellular digestive enzymes. 
■While it is occurring, the urine of the mother contains creatine, a 
substance which is normally absent from that excretion. It has been 
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supposed that this substance originates from the rapid destruction 
of the uterine muscle. It has, however, been shown that creatine 
occurs after delivery even if the uterus is amputated, so that the 
creatine of the uterine muscle cannot then be the source of the 
urinary creatine ; there is evidence that the creatine is associated in 
some way with the metabolism of the mammary gland. 

The atrophy or involution of the uterus which occurs at the 
menopause appears also to be produced in the same way, and it has 
been suggested with some reason, that the symptoms exhibited at 
that period of life may be in part explained as due to the absorption 
of the products of the autolysis of the uterine tissue. 
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GHAPTEK LIX 

THE GEOWTH AND EEPAIE OF THE BODY 

The growth of the body is dependent on the growth of the individual 
cells of which it is composed and in which the power of growth 
appears to be inherent. This power of the individual cells to grow, 
which is particularly well seen in embryonic tissues, can he shown 
by keeping the cells imder suitable conditions. The medium 
co m m only employed is sterilised Einger’s solution or blood-plasma 
-j- embryo extract. By this means of tissue culture the cells 
of various organs may be kept alive for an indefinite number of 
years. The cells, however, grow into a mass, and are Liable to die 
after a few days. In order to continue the growth of the cells it is 
necessary to transplant small pieces of the culture to a new medium 
from time to time. 

Local Growth . — formally in the body the cells not only grow 
but appear, to be influenced by other cells in their' vicinity. The exact 
mechanism which prevents the different varieties of cells from 
invading each other is not known, and this is a fxmdamental difficulty 
in the understanding of cancer, the great characteristic of which is 
such invasion. 

The phenomenon of general body growth is exhibited in all 
young mammals for a limited period which, in man, lasts until the 
twentieth or twenty-fifth year. At the end of this period the bones 
reach their normal maximum size, and the individual may be 
considered to have reached adxilt life. Thereafter, however, the 
power of growth is not lost, but continues to be exhibited by 
tissues especially if they are injured or if there is an 'increased 
demand for their activity. Thus, for example, a broken bone will 
repair itself, disease in one kidney will result in an enlargement of 
the other, or the muscles may still grow in accordance with require- , 
ments. formally, it appears that every tissue of the body is 
constantly being renewed. We are all familiar with the continuous 
growth of the hair and the nails. 

The continuance of the power of repair is of the utmost importance 
to the individual, since its cessation marks the onset of senility and 
lessened power to resist disease or recover from injury. 

The growth of the body as a whole is determined largely by 
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heredity, but it is now realised that various factors play a considerable 
♦ part. Of these the most important is the diet. 

Diet in Relation to Groioth . — In order that an animal should grow 
'it is essential that it should be supplied with adequate food, not 
only to supply its immediate needs in regard to tissue repair and 
energy exchanges, calories, but in addition that it should have 
sufiScient to provide for the building up of new tissue. Thus a 
growing boy may require as much food as a man. In relation to 
Protein Metabolism we have already, seen that certain amino-acids 
are more essential than others in the synthesis of tissues. It 
has been ‘shown, for example, that a diet lacking in lysin and 
tryptophan, although it will maintain life, is insufficient for growth. 
In addition, certain vital elements, which we designate vitamins, 
and wliich can only be obtained from natural foodstuffs, must be 
supplied if body growth and its maintenance are to be normal. 
Specially concerned in growth are vitamins A, D and B, while salts, 
such as those of h’on, calcium, iodine, are essential. Vitamin C 
appears to be specially important in repair after injmy, especially 
for the activity of the fibroblasts which produce fibrous tissue. 

Certain ductless glands also play an important part in growth. 
The thyroid, we have seen, is specially concerned in the metabolic . 
rate and metamorphosis of cells. The anterior lobe of the pituitary ' 
is also intimately concerned with growth, especially that of the 
skeleton, and if over-active may lead to gigantism. 

The Skeleton. 

This „ is the framework on which the soft parts are built. It 
consists of the bones and cartilages which are bound together by 
ligaments of fibrous tissue. 


Cartilage. 

Serving a similar supporting function in the body as bone, 
cartilage is popularly known as gristle. 

In some regions, as at the ends of bones, the cartilage is hyaline 
and has a simple structure. No blood-vessels penetrate the matrix, 
through which lymph simply soaks to reach the cartilage cells. 
This relatively poor nutrition furnishes a possible reason why 
hyaline cartilage in many situations (costal, laryngeal, tracheal) shows 
a tendency to become calcified late in life. 

On boiling, the ground-substance of cartilage yields a material 
called chondrin. This resembles gelatin very closely, and the 
differences in its reactions are due to. the fact that chondrin 
is really a mixture of gelatin with varying amounts of mucoid 
substances. 
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Cartilage of this kind forms the rib cartilages and prefigures 
most bones in development. 

In some regions where toughness is required, as in the semilunar, 
cartilages of the knee-joint or the intervertebral discs, the cartilage 
cells lie in a dense fibrous matrix. This variety is known as white 
fihro-cartilage. 

In others where flexibility is desirable, elastic fibres are scattered 
between the cells. . Such yellow or elastic fibro-cartilage is found 
in the pinna of the external ear and the epiglottis. 

Development of Cartilage. — Like other cojinective tissues, car- 
tilage originates from mesoderm ; the cells are unbranched, and the 
disposition of the cells in fully formed cartilage' in groups of two, 
four, etc., is due to the faci/ that each group has originated from the 
division of a single cell, first into two, each of these again into two, 
and so on. This process of cell division is accompanied by the usual 
karyokinetic changes. 

Each cell deposits on its exterior a sheath or capsule ; on division 
each of the i daughter-cells deposits a new capsule within this, and 
the process may be repeated. 


Bone. 

Bone is composed of organic and inorganic constituents which 
are so intimately blended and incorporated the one with the other, 
that it is only by severe measures, as for instance by a wliite heat in 
one case and by the action of concentrated acids in the other, that 
they can be separated. Their close union, too, is further shown by 
the fact that when hy acids the inorganic matter is dissolved out, or 
on the other hand when the organic part is burnt out, the shape of ’the 
bone is alike preserved. 

The proportion of organic matter is greater in the hones of 
infants than in those of adults. 

To the naked eye there appear two kinds of structure in different 
bones, and in different parts of the same bone, namely, the dense or 
compact, and the spongy or cancellous tissue. Thus, in making a 
lon^tudinal section of a long bone, as the humerus or femur, the 
articular extremities are found capped on their surface by a thin 
shell of compact bone, while their interior is made up of the spongy 
or cancellous tissue. The shaft, on the other hand, is formed ahnost 
entirely of a thick layer of the compact' bone, and this surrounds a 
central canal, the medullary cavity — so called from its containing the 
medulla or marrow. 

In the flat bones, as the parietal bone or the scapula, the can- 
cellous structure (diploe) lies between two layers of the compact 
tissue, and in the short and irregular bones, as those of the wrist 
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and foot, the cancellous tissue fills the interior, while a thin shell 
of compact bone forms the outside. 

Marrow.— There are two distinct varieties of marrow— the nd 
and the yellow. • 

Red marrow occupies the spaces in the cancellous tissue; it is 
loighly vascular, and thus maintains the nutrition of the spongy 
bone, the interstices of which it fills. It contains a few fat-cells 
and a large number of 'marrow-cells. The marrow-cells are amoeboid, 
and resenible large leucocytes ; the granules of some of these cells 
stain readily with acid and neutral dyes, but a considerable number 
have coarse granules wliich stain readily with basic dyes such as 
methylene blue. Among the cells are some smaller nucleated cells 
of the same tint as coloured blood-corpuscles. These are termed 
erytliroUasts. Rrom them the coloured corpuscles of the blood are 
developed. There are also a few large cells with many nuclei, termed 
gianf-cells or iDiyeloplaxes. 

Yellow marrow fills the medullary cavity of long bones, and con- 
sists chiefly of fat-cells with numerous blood-vessels ; - many of its 
.cells also are the colourless marrow-cells just mentioned. 

Periosteum. — The surfaces of bones, except the part covered 
with articular cartilage, are clothed by a tough, fibrous membrane, 
the periosteum. 


Histology of Bone. 

Examined with a rather high power, bone substance is found to 
contain a multitude of small irregular spaces, approximately fusi- 
form in shape, called lacunae, with very minute canals or canaliculi 
leading from them, and anastomosing with similar little prolonga- 
tions from other lacuna (fig. 300). In hfe the lacunae and canaliculi 
are occupied by bone-cells which are essentially connective-tissue 
cells ; these form the organic matrix of the bone in which calcium 
becomes deposited. The nutrient lymph passes from place to place 
by way of the canaliculi. In very thin layers of bone, as in cancellous 
bone, only lacunas may be visible ; but on making a transverse section 
of the compact tissue as of a long bone, e.g. the humerus or ulna, the 
arrangement shown in fig. 300 can be seen. 

The bone is mapped out into small circular districts, at or about 
the centre of each of which is a hole, around which is an appearance 
as of concentric layers ; the lacuncB and canaliculi follow the same 
concentric plan of distribution around the small hole in the centre, 
with which indeed they communicate. 

On making a longitudinal section, the central holes are found to 
be simply the cut extremities of smalk canals which run lengthwise 
through the bone, anastomosing with each other by lateral branches 
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(fig. 300) ; these Haversian canals are occnpied hy blood-vessels and 
nerves. 

Lamellee and'Fibres of Compact Bone. — In the shaft of a long 
bone three distinct sets of lamellae can be clearly recognised. 

1. Girmmferential lamellae; these are concentrically arranged 
just beneath the periosteum, and round the medullary cavity. 

2. Saversiaii lamellae; these are concentrically arranged round 
the Haversian canals to the number of six to eighteen round each. 

3. Interstitial lamellae ; these connect the systems of Haversian 
lamellae, filling the spaces between them they consequently attain 
their greatest development where the Haversian systems are few, and 
vice versa. 



Fio. 800. — Transverse section of compact bony tissue (of humerus). Three of the Haversian canals are 
seen, with their concentric rings; also the lacuna;, with the canaliculi extendingfrom them across 
the direction of the lamellae. The Haversian apertures wore filled with air and debris in grinding 
down the section, and therefore appear black in the figure, which represents the object as viewed 
with transmitted light. The Haversian systems are so closely packed in this section that scarcely 
any interstiiial lamellm are visible, x 150. (Sharpey.) 


The lameUse are permeated by very delicate fibrils running in 
bundles through the calcified matrix. All the fibres in a lamella 
are parallel, but in adjacent lameil® tbe fibres usually run in 
different directions. They correspond to the white fibres of connective 
tissue and form the source of the gelatin obtained by boiling bone. 

The outer layer of a bone is pierced by relatively tliick tapering 
fibres called the perforating fibres of Shaopcy, resembling in character 
the ordinary white or more rarely the elastic fibres. These per- 
forating fibres are really ingrowing processes of the periosteum 
(fig. 303). 
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Nourislimeiit of Bone. 

From the blood-vessels of the periosteum branches enter the 
little foramina on the surface of the bone, and find their way to 
the Haversian canals, described above. The long bones are supplied 
also by one or more nutrient arteries which, entering the shaft so as 
to reach the medullary cavity, break up into branches for the supply 
of the marrow, from which again small vessels are distributed to 
Haversian canals from the interior of the bone. Other small blood- 
vessels pierce the articular extremities for the supply of the 
cancellous tissue. The bone-cells in the lacunae are nourished by 
lymph which gains access to them by the canalicuh. 



Fio. 301.— Longitudinal section from the human FiQ. 302 Bone-corpuscles with their processes 

ulna, showing Haversian canals, lacunte, and as seen in a thin section of human bone, 
canaliculi. (Rollett.) (Rollett.^ 


Development of Bone. 

From the point of view of their development, bones may be 
subdivided into two classes : — 

(a) Those which are ossified directly in the embryonic connective 
tissue— 6.^., the bones forming the vault of the skull, parietal, frontal, 
and a certain portion of the occipital bone. 

(&) Those whose form, previous to ossification, is laid do\vn m 

hyaline cartilage — e.g., humerus, femur. ^ n n j 

In both cases, bone is produced by bone-formative ceUs called 
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osteoUasts. In the first mode of development the osteoblasts lay 
down hone directly, without any intermediary stage (ossification 
in 'iyi&'tnbTCL%^> while in the second the future hone is first modelled- 
in cartilage upon which, after it has undergone certain changes, 
the osteoblasts proceed to lay down hone as round a scaffolding 
(ossification in cartilage). 

Ossification in Membrane. — ^Where hone formation is about to 
occur the embryonic branched mucoid cells first multiply actively, 
become larger and apparently more crowded together and their 
processes disappear or at any rate become less obvious as ' the cell 



Fia. 303 — Part of the growing edge of the developing parietal bone of a fcetal cat. sp. Bony spicules with 
some of the osteoblasts embedded iu them, producing the lacnnrc ; of, osteogenetlc fibres prolonging 
the spicules with osteoblasts (ost) between them and applied to them. (Schafer.) 


bodies become more rounded. The vascularity of the area increases. 
At what is termed the primary centre of ossification, corresponding 
usually to the centre of the future bone, the altered cells, wliich 'may 
now be called osteoblasts, proceed to lay down bone between and 
round themselves in the ground-substance. Hadiating spicules of 
bone grow out from the original centre, each covered by a layer 
of osteoblasts which produce lengthening and 'thickening of the 
spicule. Some of the osteoblasts become buried in the bony tissue 
they form round themselves, becoming then bone corpuscles each 
in a httle lacuna. Where active extension of a spicule is occurring, 
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it • is often seen to be capped by a tuft of fibres on which the 
advance^ guard of osteoblasts is arranged. Such is called an 
osteogenic tuft, calcification occur- - o 


ring between the fibres under the 
influence of the osteoblasts, the 
fibres and the cells gradually 
become embedded within the 
advanciag bone. The spicules or 
trabeculae of bone branch and 
anastomose with one another so 
that a meshwork of bone is 
formed. In certain situations 
where bony strands are being 
thickened, a regular row of 
osteoblasts is formed on their 
surfaee. In other positions a 
sculpturing process is at work, 
the newly-formed bone being de- 
molished by large multinueleated 
bone - destroying, cells called 
osteoclasts. This continuous re- 
modelling goes on to accommo- 
date the developing bone to the 
growth changes around it. As 
the skull cavity, for example, 
enlarges, the curved bones in the 
vault have fresh material added 
to their convex surfaces by 
osteoblastic action coupled with 
absorption of bone on their 
concave surfaces by osteoclastic 
activity. Eound each individual 
bone the connective tissue con- 
denses to form a fibrous sheath, 
the periosteum, beneath which 
are arranged the osteoblasts . on 
those surfaces where further 
bone growth is taking -place. 
The trabeculas towards the surface 
become altered to compact bone 
with typical Haversian systems, 
while in the interior the tra- 
becular arrangement is retained to 
form the cancellous bone contain- 
ing spaces filled with red marrow. 



Fia. 304. — Section of two fcetal phalanges; the carti- 
lage-cells in the centre of B are enlarged and 
separated from one another by calcified matrix, 
im, Bayer of hone deposited under the perios- 
teum; 0 , layer of osteoblasts by which this 
layer was formed. The rows of cartilage-cells 
are seen on each side of the centre of calcifica- 
tion. In A, the terminal phalanx, the changes 
begin at the tip.- (After Dixey). 
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Ossification in Cartilage. — This process is typically seen in the 
development of one of the long bones of the limbs. Here_the future 
■bone is first modelled in hyaline cartilage, but it must be remembered 
that this fcetal cartilaginous bone is many times smaller than even 
the medullary ca\aty of the shaft of the mature bone, and, therefore, 
that not a trace of the original cartilage can be present in - the bone 
of the adult. Tts purpose is indeed purely temporary; and, after its 
calcification, it is gradually and entirely absorbed. This cartilaginous 
model is at first completely sheathed in a condensation of the mucoid 
tissue termed the perichondrium. O.vei the articular ends of the 
bone this disappears later. 

The process of ossification may be most conveniently described as 
occurring in three principal stages. 

The first stage consists of two sets of changes, one in the carti- 
lage, the other under the perichondrium. These take place side 
by side. In the cartilage the cells in the middle become enlarged 
and separated from one another. They become arranged in rows 
in the direction of the extremities of the cartilaginous rod. The 
cartilage-cells degenerate and the thinned walls between the enlarged 
spaces undergo a calcareous change. Simultaneously with this, a 
row of osteoblasts appears beneath the perichondrium round the 
centre of the shaft and these proceed to form layer after layer 
of bone on the surface of the cartilage. The osteoblastic layer 
gradually advances towards the ends of the cartilage and by it the 
layer of bone around the middle of the shaft is extended. As the 
layers are formed, some of the osteoblasts get walled in between the 
layers and become bone-cells. 

We may roughly compare the two sets of cells engaged in the 
process to two races of settlers in a new country. The carttiage-ceHs 
constitute one race, and so successfully build for themselves calcareous 
homes as to be completely boxed up ; so they waste and disappear, 
leaving only the walls of their homes. The osteoblasts, the other 
race of cells under the perichondrium, are forming "layers of true 
bone in that situation. Some, it is true, get walled-in in the process, 
and become bone-corpuscles, but the system of intercommunicating 
lacunae and canalieuli maintains their nutrition. 

These two races are working side by side, and at first do not 
interfere with each other. But soon comes a declaration of war, 
and we enter upon the second stage of ossification, which is very- 
appropriately called the stage of irruftion (fig. 305). Breaches occur 
in the" bony wall which the osteoblasts have built like a girdle round 
the calcifj^g cartilage, and through these the osteogenic tissue is 
poured into the calcified cartilage. This consists of osteoblasts, 

* This is the case in nearly all the long bones, but in the terminal phalanges 
the change occurs first, not in the middle but at their distal extremities. 
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osteoclasts, and . a store of nutrient supply in the shape of blood- 

VGSSBIS. 

§0^^ inside, the osteoclasts set to work to demolish the 
calcined Immes of the cartilage-cells, and thus large spaces are 
formed. On the ruins of the calcified cartilage, the osteoblasts 
proceed to deposit true hone in layers, just as they were wont to do 
in their own country, under the periosteum. , ' ' 



Fig. 805. — Gasification in cartilage showing stage of irruption. The shrunken cartilage-cells are seen 
in the primary areolie. At ir an irruption of the subperiosteal tissue has penetrated the sub- 
periosteal bony crust. (After Schafer.) 


The third stage is the extension of the process of ossification, thus 
initiated towards the extremities of the cartilage. The cartilage- 
' cells enlarge, form longitudinal rows, widen their spaces, and finally 
degenerate. Calcification occurs in the remnants of cartilaginous 
matrix, and on this scaffolding the osteogenic tissue extends the 
area of true bone, with ultimately the complete disappearance of 
the calcified cartilage. The first-formed bone within the shaft and 
the deeper layers of subperiosteal bone are absorbed by osteoclasts 
so that a medullary cavity is established, wliich continues to enlarge 
in all directions. 
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The bone which is first formed is less regularly lamellar than that 
of the adult. The lamella are not deposited till after birth and 
their formation is preceded by a considerable amount of absorption. 
To carry our simile further, the osteoblasts are not satisfied with the 
rough constructions that they were first able to make, but having 
exterminated the cartilage, they- destroy (again through the agency 
of the giant osteoclasts) their first work, and build regular lamella, 
leaving lacuna for the accommodation of those who desire to retire 
from active warfare. It is the process of osteoclasis .which is 
stimulated by the hormone produced by the parathyroid gland to 
set free calcium into the blood-stream. 

' After a time the cartilage at the ends of the shaft begins to ossify 
independently to form the epiphyses. Between each epiphysis and 
the shaft a plate of actively-growing cartilage persists for' a time 
{epiphyseal plate). But this plate does not become thicker, as 
ossification attacks it on both sides. Thus the bone grows in length, 
until towards adult life the cartilaginous plate ceases to grow and 
becomes obliterated by bony fusion between shaft and epiphysis. 

At the same time bone grows in width by the deposition of 
layers under the periosteum, hke successive rings formed under the 
bark of a growing tree. The inner layers -become absorbed, however, 
to provide for expansion of the medullary cavity. 

It must be remembered that even after growth in all directions is 
fuUy established, bone remains a living tissue containing living bone- 
corpuscles. If need arises, as in the repair of fractures, or in structural 
alterations of the bones called forth to resist new strains and stresses, 
the bone-corpuscles can resume their original osteoblastic and 
osteoclastic acti'vities. 


Chemistry of Bone, 

Of the dry weight of adult bone freed from fat, two-thirds 
consist of inorganic matter, the remainder being mainly the protein 
collagen (which gives gelatin on boiling with water) and mucoids. 
Analyses of bones of a large variety of animals agree in assigning 
about 90 per cent, of the total inorganic matter of bone to calcium 
phosphate, the majority of the remaining 10 per cent, being calcium 
carbonate with magnesium phosphate. The calcium, phosphate 
appears to be present mainly in the form of the very insoluble 
"tertiary salt, Ca3(P04)2, though Bassett believes that a somewhat 
more basic salt, [Oa3(B04)2]3 Ca(OH)2, is the main constituent. The 
bony structure of the adult is not absolutely permanent, and in 
whatever form the main constituent is present it' is to be realised 
that this apparently quite insoluble skeleton is really in equilibrium 
with the blood, and under various pathological conditions (some of 
which are controllable) may suffer absorption or overgrowth. 
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Chemistry of Ossification. 

iFor noi’inal ossification to take place it is necessarj that there 
should be present not only the general requirements for growth, but 
also an adequate amount of calcium and phosphorus, together 
with sunlight and vitamin D. Also since calcium and phosphorus 
are absorbed into the blood in solution, there must be present some 
mechanism by which these substances become deposited where they 
are required. The chemical reactions which are believed to take 
place are as follows: — 

If a solution is saturated with a very slightly soluble solid such 
as calcium phosphate Ga3(P04)2, any addition to the dissolved 
Ga’^'^ or will lead, by laws of mass action, to a precipitation 

of the solid. It is known that the concentrations of calcium and 
phosphate ions in blood plasma are such that at the of plasma 
these concentrations are very near the limi t of saturation of that 
fluid with tertiary calcium phosphate. In fact. Holt, La Mer, and 
Chown have stated that blood is 200 per cent, supersaturated with 
calcium phosphate. It is clear that conditions would be very 
favourable for the local deposition of tertiary calcium phosphate if 
the concentrations of Ga++ or PO4"' could be increased at the site 
where deposition ivas necessary. A mechanism which appears to 
ensure that these favoui-able conditions actuaUy occur in growing 
bone has been demonstrated by Pobison and his collaborators. 
The work had an accidental beginning in the observations of Eobison, 
that during en zymotic hydrolysis of the calcium salts of hexose 
phosphate in the products of fermentation of yeast juice, an 
insoluble precipitate of calcium phosphate was formed. Experi- 
mental evidence of a very convincing kind has shown that an enzyme, 
phosphatase, a phosphoric esterase, is present in ossifying cartilage, 
mainly in the zone of hypertrophic cartilage cells and also beneath 
the periosteum in young bone (i.e. in the zone in which calcium 
salts are being actively deposited). It is also present to a lesser 
extent in adult bone. This enzyme will convert soluble calcium 
salts of phosphoric esters into insoluble calcium phosphate in vitro, 
and Kay and Eobison have shown that it will hydrolyse a portion 
of the phosphoric esters normally occurring in circulating blood. 
This hydrolysis, if it takes place in the locality in which the enzyme 
is known to occur, will clearly lead to a local increase in inorganic 
phosphate concentration, i.e. to the conditions just mentioned as 
being very favourable for the local deposition of tertiary calcium 
phosphate. It has been found, however, that the presence of an 
amount of phosphorus sufficient to bring about the proper caEium 
phosphorus ratio is essential. The precipitation of the phosphorus 
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by berylKum carbonate causes a variety of rickets- in spite of 
adequate calcium and vitamin D. 

The following observations increase the likelihood that this 
enzyme plays an essential part in the chain of processes leading to 
bone formation ; — 

1. If a bone taken freshly from a very young animal is split 
lengthways and immersed in a very dilute solution of calcium 
glycerophosphate or calcium hexosemonophosphate in saline^ calcium 
phosphate is deposited in the neighbourhood of the osteoblasts and 
hjq)ertrophic cartilage cells. This can be demonstrated histologically, 
and is particularly clearly seen in rachitic bones (Eobison, Shipley). 

2. The enzyme is also present in teeth, particularly in growing 
teeth. 

3. The enzyme is not found in such cartilage as does not normally 
ossify, such as that of the trachea. 

4. In embryonic cartilage in the chick, or in the cartilage of the 
human patella which only begins to ossify some three or four years 
after birth, the appearance of the enzyme and the commencement of 
ossification are simultaneous. 

5. It has recently been shown by Kay that in certain diseases 
(osteitis deformans and osteitis fibrosa) where there is profound 
disorganisation of the bones, relatively large amounts (up to twenty 
or more times the normal) of the phosphoric esterase occur in the 
plasma. In the normal individual and in most diseased conditions 
the amount of phosphatase in the plasma is small. Lesions of the 
bone involving a large part of the skeleton are thus associated with 
a faulty or abnormal distribution of the enzyme. 

The subject of ossification is of special inte ist in the healing 
of fractures. From what has been said ea^ " regard to 
vitamin D (p. 379), it is necessary to provide a/ ..^uaie phosphorus, 
calcium, and this vitamin to promote absorption. Skimmed milk is 
probably the best medium for the conveyance of these. 

As general growth experiments suggest, vitamin A is concerned 
in bone growth, but changes in the bone appear late if the vitamin 
is withdrawn from the diet. On the other hand excessive Autamin A 
causes a marked acceleration of growth. 

The effect of vitamin C deficiency is also marked, but it would seem 
that the changes are due to a weakening of the supporting tissues. 

Bone as a Store of Calciuin. — In relation to the parath}Toid 
it has been seen that the bones act as a storehouse for calcium 
(Kay, 1932). 
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Death.' 

It is not altogether inapj)ropriate to conclude a book which deals 
with life by aiew sentences oh Death, which forms the final chapter 
for each individual. As the prime of life is past, signs of old age 
begin to appear — the eyes become feeble, the hair becomes grey, the 
cartilages calcify, the muscles become weaker, digestion gets feebler, 
and metabolism in every way more and more imperfect. If this 
continues, life is ultimately terminated by natural death, in which 
the functions get weaker and weaker and finally cease. Death from 
old age is, however, comparatively rare ; the common cause of death is 
accident, in which term we include disease. In the activity of youth 
many a disease is vanquished, but as the powers of resistance 
diminish with increasing years, some ailment usually upsetting more 
particularly some important organ will ultimately find the body 
unable to repel its attack. 

Legally, death in man is said to have occurred when the heart 
and respiration have stopped. Sometimes when these are both 
weak the exact time of death may be very difficult to decide, but 
it will be realised that for some time after death it would be 
possible to demonstrate the activity of many organs if they were 
removed and pe^sed with oxygenated blood. 
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Which Should be Memorised. 

Note. —As far as possible average figures are ^ven, but it must be understood 
that even normals may vary outside the limits given. 


Vascular System. 

Heart-rate, resting, 50 to 80 per 
minute. 

Heart-output, resting, 4 to 6 litres per 
minute. 

Heart-output in exercise, up to 30 litres 
per minute. 

Blood-pressure, resting — 

Systolic, 105 to 150 mm. Hg. 
Diastolic, 70 to 90 mm. Hg. 
Capillary, 5 to 35 mm. Hg. 

Blood-flow velocity — 
in main arteries, 1 metre per second, 
in capillaries, 0-5 mm. per second. 

Pulse-wave velocity, 6 to 7 metres per 
second. 

Ringer’s solution, NaCl 0’9 per cent., 
KCl 0’042 per cent, CaClg 0*024 
per cent, NaHCOj 0*015 per cent 

Blood volume, to body-weight, 
i.e. about 6 litres in adult. 

Red corpuscles, 5 to 6 millions per 
c.mm. 


White corpuscles, 5000 to 10,000 ; poly- 
morphs,70 per.cent; lymphocytes, 
23 to 25 per cent. ; large mono- 
nuclear, 1 per cent ; eosinophils, 
2 to 3 per cent ; basophils, 0*05 
per cent 

Blood pH, 7*4. 

Blood sugar, 0*08 to 0*18 gm. per 100 
c.c. 

Blood urea, 30 to 40 mg. per 100 c.c. 

Blood creatinine, 1 to 2 mg. per 100 
c.c. 

Blood urea nitrogen, 10 to 15 mg. per 
100 c.c. 

Blood calcium, 10 mg. per 100 ac. 

Non-protein- nitrogen, 25 to 40 mg. 
per 100 c.c. 

Haemoglobin content, 14 gms. per 100 
C.C. 

Oxygen capacity, 17 to 20 ac. per 

100 . 


Respiratory System. 

Atmospheric Air. Expired Air. Alveolar Air. 

O, 20*96 per cent O, 16*4 per cent O, 13 to 14 percent 

CO 2 , 0*04 per cent. CO 2 , 4*1 per cent COo, 5 to 6 per cent 

Vital capacity, 3000 to 4000 c.c. Supplemental air, 1500 c.c. approx. 

Tidal air, 400 to 500 c.c. Complemental air, 1500 c.c. approx. 

Respiratory rate, 9 to 20 per minute. Residual air, 1300 c.c. approx. 


Oxygen in arterial blood : amount 18*5 to 19*5 c.c. per cent ; tension' 
80 mm. Hg. 

Oxygen in venous blood : amount 13*6 c.c. per cent. ; tension 
50 mm. Hg. 

Carbon dioxide in arterial blood; amount 54 c.c. per cent. ; tension 
45 mm. Hg. 

Carbon dioxide in venous blood ; amount 68 c.c. per cent ; tension 
48 mm. Hg. 

Oxygen consumption, 200-400 c.c. per minute. 

Carbon dioxide output, 160-250 c.c. per minute. 

Basal metabolic rate, resting, 1700 Calories per day or 40 C. per sq. m 
Total Respiratory Quotient, 0*82. 


^resting. 


. per hour. 
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Foods. 

Calorific values per gramme and respiratory quotients— 


C.irboliJ’dr.ites. Fats. 

4-1 C. 9-3 

R.Q. 1-0 0-7 


Proteins. 

4 'I in body, 5 ’6 in calorimeter. 
0-8 


Milk. 


Cow (Ayrshire) 
Human 

Gastric Contents, etc. 


Protoins. 

Fats. 

Carbohj’di-atps. 

3*5 

3*7 

4*5) 

1*7 

3*4 

g.g Ivery variable. 


HCI, not usually above 0‘2 per cent 

Inorganic cldorides, not usually above 0‘35 per cent. 

To convert HCI to chlorides multiply by^l-^ 

36 "5 

Optimum y>H of ptyalin, 67 ; of pepsin, 1’3 ; of trypsin, S’l. 
Fat in dry faeces, 26 per cent. 


Urine. 

Urea 1 '5 to 2 per cent, daily excretion 20 to 40 grams) .. , w co t 

Ammonia, dail%xcretion 0-3 to 1*2 gram. | ratio about 50 to 

Creatinine, daily excretion 0-9 gram. 

Chlorides (as NaCl), daily excretion 10 to 16 grams. 

Sulphur (as SOj), daily excretion 2 grams. 

Neutral sulphur, daily excretion 0*18 gram. 

Phosphates, daily excretion 2 to 4 grams. 

Uric acid, daily excretion 0 '5 to 075 gram. 

Volume, 1500 (approx.) ; pH 5 to 8 ; sp. gr. 1015 to 1030. 


1 . 


Eye (reduced). 

Distance of nodal point from cornea, 7*3 ram. 

Focal length, 15 ’5 mm. 

Length of eye, 22*8 mm. 

Muscle and Nerve, 

Nerve impulse rate, cold-blooded, 30 metres per second. 

Nerve impulse rate, warm-blooded, 120 metres per second. 
Refractory relative period of nerve, 0*015 second; absolute, 0*003. 
Refractory period of muscle, 0*005 second. 
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colloids, water imbibed by, 191 
rreatine nhosnhoric, 41, 533 


8-amirio-, 493 
dcsoxycholic, 506 
diamino-, 277, 286 
diamino -caproic =Lysme q.v. 
diamino-vaIeric=Oimthine q.v. 

dissociation of, 293 

excessive, of cliabeues,20S_ 

fatty, 263, 271, 305, 474, b 06, 510 
absorption, of, 441-2 
as food, 485-6 
essential, 489 _ 

fermentation in urine, 539 _ oftj,- •x’reriai- 

flavinphosphoric, adnumstrarion afte, -drenA 

ectomy, 782 ^ 

formic, 271 , , . ,50 

gastric, colour teste for, 435 
glucuronic, 265, 4i4, 51- 
glutamic (amino glutanc), 28a, 2bb 
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ECTOEX 


Acid. 

Acid — conlinued 
^7ceric, 272 
glycocholic, 506-7 

guaiaconic, test for blood pigment, 542 
gnanylic, 2S0 
gynmemic, on taste, 712 
heptoic, 488 

hescee monopbospboric, 310 
hippuiic, 487, 511, 512, 535-6 
homogentisic. In albaptonniia, 541 
hydrocbloric, colour tests for, 436 
of gasWc juice, 414-8 
origin of, 415 
on starcb digestion, 413 
secretion by oxyntic cells, 425 
hydroxy, 493 ■ 

imidazole-anuno-propionic=Histidine q.v. 
indole aniino-propionic=Tryptopban q.v. 
iodo-acetic, on muscle contraction, 39-40 
on rigor mortis, 45 
isomeric, definition of, 267 
lactic, 272 

and oxygen debt, 254 
colour tests for, 436 
conversion to fatty acids, 474 
in blood from tetanised limb, 168 
in glycogenolysis, 481 
in muscle contraction, 39-42 
in oxidation of carbohydrate, 474-5 
in production of fatigue, 70 
in production of pain, 74 
in severe exercise, 225, 231, 256 
in souring milk, 268 
in tissue respiration, 249 
on capillaries, 143, 167 
on respiration, 42 
linolelc, 489 
linolenio, 489 
mandelic, 529 

methyl-guanidine acetic = Creatine q.v. 
mono-amino-, 286 
mono-amino-caproic= Leucine q.v. 
monoiodo-acetic, 439, 442 
mucic, 267 

nicotinic, 305, 310, 384 

nucleic, 264, 279-80, 374, 493-6, 554 

oleic, 271 

on amcBboid and ciliary movements, 7 
on caseinogen, 391 
on gastric secretion, 422 
on Hering-Breuer refiex, 234 
on peristalsis, 455 
on proteins, ^2 
on ptyalin action, 413 
on respiration, 231 
on spermatozoa, 799 
organic, on peristalsis, 455 
csmic, 271 
Upins on, 276 
oxyproteic, 536 n 
ji-amino-benzoic, 513 
palmitic, 271, 272, 275 
• para-hydroxyl-phenyl= Tyrosine q.v. 
phenaceturic, 487 
phenylacetic, 487, 511, 513 
phosphates, in rigor mortis, 45 
of plasma, 223 
phosphoric, 275, 494 
in muscle contraction, 39-42 
in oxidation of carbohydrates, 475 
phytic, 382 
picramic, 266, 512 
picric, 266, 511-12 
propionic, 271, 284, 488 
prussic, absorption of, 437 
pyruvic, 272, 310, 384, 474-5 ' 
saccharic, 267 
sarcolactic, in muscle 46 


ADSOEPnos. ^ 

Acid — continued 

in rigor mortis, 45, 49 
stearic, 271 

sulphuric, detoxication by, 51 
- taurocholic, 506-7, 508 
uric, 280, 321, 491, 534-5 
formation of, 185, 495;6, 535 
in mine, 539 ■ 

valeric, 271, 285, 488 
Acidremia (acidosis), 532, 559-60 
and ammonia : urea ratio, 532 
in ketosis, 483 

Acid-base equilibrium, 516, 556-61 
and motor area of cortex, 635 
capillary response to, 145 
maintenance of, in exercise, 254 
Acrolein, 271 
Acromegaly, 785, 786 
Acrosome, 799 

Adamkiewicz reaction, for proteins, 281 
for tr^tophan, 286 
Adaptation, to environment, 695 
to high altitude, 258 ei eeq. 
to stimulus, 653-4 
Addison’s disease, 776, 782 
Adenase, 495 
Adenine, 280, 495 

Adenoma, of islets of Langerhaus, 478 
Adenosine triphosphate, 143, 496 
Adenyl pyrophosphate, 39-40, 168, 496, 554 
Adipose tissue, 8, 270 
Adiposity, in tumours of pituitary, 784 
ADKEXAIJXE (adrenal hormone), 776-82 
action of compared with sympathetic, 07, 84 
85 

and blood depots, 186 
and vasodilator nerves, 165 ' 
destruction of, 780 
formation of, 286, 304, 497 
in hypoglycamia, 478 
of chromaphil tissue, 770 
on alimentary canal, 466, 777, 779 
on bladder, 526 
on blood clotting, 315 
on blood sugar, 481, 482 
on blood vessels, 410 
on bronchial muscle, 193, 779 
on cerebral vessels, 177 
on circulation, 176, 777-8 
on fat absorption, 443 
on hairs, 779 

on heart, 126, 148, 155, 156, 777-8 
on Hering-Breuer refiex, 234 
on glucose absorption, 439 
on intestine, 615 

on liberation of liver glycogen, 554 
on limb volume, 161 
on metabolism, 779 
on muscularis mucosm, 460 
on pupn, 86, 753, 779 
on respiration, 779 
on saUva secretion, 410 
on skin pigmentation, 566 
on skin vessels, 171 
on submaxillary gland, 410 
on sweating, 566, 779 
on thyroid actirity, 357 
oxidation of, 511 

secretion and function, 167, 7S0-1 
in asphyxia, 246-7 
in exercise, 167, 171 
in heat loss, 569 

Adrenals, Vitamin Bj deficiencv on, 383 
Vitamin C of. 386 

See Cortex, adrenal, and Glands, adrenal 
Adrenotropic hormone, 788 
Adsorption, 301 n, 303 
of bUe acids, 442 
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^ROTONOMETEE. 


ANEtTEI>-. 


iBrotonometer, 226 
Alsthesiometers, 648 

Afler-dfscharge, of reflex action, 590, 592 
After-images, 766 ct scg. 

After-loading , 20, 31 
After-sensations, 652 
Age, on body temperature, 671 
on heart rate, 115 
Agglutination of blood, 342 ct scg. 

Agglutinins, 343 ctseg. 

Agranulocytes, 330 
Agraphia, 702 
Am, alveolar, 205, 207-8 
at liigh altitudes, 258-9 
■ complemontal, 205 
cooling power of, 74-5 
expired, 206, 208-9, 242 
carbon and water of, 472 
composition of, 253 
hunger, 176 

inspired, composition of, 253 
passage of Oj of, to blood, 226 
passages, ciliarj' lining of, 6 
quantities breathed, 205 , 
raid shelters, ventilation of, 242 
reserve or supplemental, 205 
residual, 206 

respiratory quality of, 206-7 
tidal, 205 
Alactacid debt, 41 

Alanine (a-amino-propionic acid), 285, 289, 440, 493 
Alanyl-leucine, 289 
Alanyl-leucj'l-cyrosine, 289 
Albumins, 276, 277, 280, 282 
characters of, 284 
cleavage products of, 283 
coagulation of, 280 

distinguished from calcium pliosphate in urine, 
638 
egg-, 394 

. excretion by skin, 566 
in urine, 540, 642 
of muscle, 46 ' 
of plasma, 319-20 

Albuminoids (obsolete). See Sclero-protelns 
Albumoses, 283 
Alcohol(s), 262 et seq. . , 

Alcohol, absorption of, 437, 443 
as adjunct to food, 397 
caloriflc value, 348 
•on blood pressure, 146 
on gastric secretion, 424 
on hypothalamic region, 694 
passage of, from blood to c.s.f., 701 
Aldehydes, 263 
acetic, 474 
formic, 472 
glyceric, 272 

ALfMENTARY CANAL, adrenaline on, 777, 779 
blood supply in severe exercise, 84 
epithelium of, 6 
involuntary muscle of, 49 
nervous control of, 82, 83-4 464-7 
neuro-muscular mechanism, 450-69 
phosphorus in activities of, 654 
structure and function, 399-403 . 

Alkalremia, 560-61 
Alkali, excretion by kidney, 258-9 
in recovery period after exercise, 254 
of blood corpuscles, 221 
on blood sugar level, 478 
on ciliary movement, 7 
on gastric secretion, 422 
reserve, 225, 559-60 
Alkaline fide, 529 
Alkaptonuria, 641 


Ah or none phenomenon, of cardiac muscle, 11 
of muscle contraction, 23 
Allantoin, 495-6 
Allantois, 821, 828 
Allergy, 360 
Allocheiria, 666, 667 
Alloxan, 789 
AUyl alcohol, 271 

Altitudes, high, alveoli, pulmonary, at, 226 
on alkali reserve, 225 
on alveolar COj, 230 
on vital capacity, 205 
respiration at. 257-61 
Alveoli, Ijunphatic, 189 
of mammary glands, 394 
pulmonary, 199 
pressure in, 219, 229 
Amentia, 627 

Amines, production of, by bacterial action, 447 
Amino-group, 284-7 
Ammonia, estimation of, 545-6 
in acid-base equilibrium, 559-60 
in deamination, 493 
in metabolism in nerve, 64 
of urine, 532-3 
on nerve and muscle, 16 
Ammonia-urea ratio, 529, 532, 660 
Ammonium carbonate, in urea formation, 491 
of putrid urine, 531, 533, 540 
Ammonium cyanate, 531 
Amnion, 820 
Amoeba, 3 
Amphioxus, 811 n 
Ampulla, 607 
Amyl alcohol, 271 

Amjiase, 309, 412, 427, 428, 438, 472 
Amylolysis, 412, 435 
Anabolism, 470 
Anacrotic wave, 139 
ANEMIA, 255 
cerebral, 698 

during Valsalva’s experiment, 245 
in compression, 177 
in sleep, 674 
posture and, 172-4 
Iissmoglobin level in, 178 
iron deficiency in, 375 
on sympathetic activity, 152 
pernicious, 323, 328, 416-7, 505 
on heemogiobin, 324 

AN.®STHESIA, asphyxia during, 240-7 
cortical flexion after, 603 
dissociated, 661 

ether, on Hering-Breuer reflex, 234 

glove, 665 

hysterical, 665 

on body temperature, 671 

on stretch reflex, 586 

relation to sleep, 675-6 

respiratory centres in, 228 , 

Ansesthetics, administration per rectum, 44» 
as tissue poison, 253 ^ 

on anterior and posterior roots, and white ramus, 
84-5 

on ciliary movement, 7 
on nerve, 62, 63, 64 
on renal efliciency, 524 
on triple response, 179 
on vasodilator mechanism, 163 
Analysers, In conditioned reflex, 61 
of C.N.S., 652 et seq. 

Anaphylaxis, adrenaline m, 1 7 
histamine and, 793, J94 
Anatomy, scope of, 1 
Androgens, 807 
Anelectrotonus, 69 
Aneurin, 384 
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Akgle. 

Angle, filtration, of eye, 738 
Anhydncmia, 313 
Anhydrase, carbonic, 306 
An-ions, 292 
Ankle-clonus, 595 
Ankle-jerk, 594 
Annulus, 148-9 
Anosmotic animals, 714 
Anoxsemia, 255, 698 
Antibodies, 321 
Antidromic nerve-fibres, 82 
Anti-enzymes, 310 
Antitrypsin, 428 

Antrum of membrana granulosa, 799 
Anus, parasympathetic supply to, 83 
Aorta, 87 el seq. 

ligature of, 95 
Aortic body, 230 n, 792 
COj on, 231 

depressor reflexes from, 163 
nerve-impulse from, 154-5 
Ape’s split, 639 
Aphasia, 704 
Apnoea, 229-30, 779 
in Cheyne-Stokes respiration, 237-8 
Apomorphine, 459 
Appetite, 667-8 
natural mineral, 555 
Aqueductus Pallopii, 717 
Aqueous humour, 732, 738, 740 
Arachnoid, 574 
Archlpallium, 627 
Areolar tissue, 8 
Arginase, 300, 492 

Arginine. 277, 287, 288, 306, 432, 492, 497 
Argyll-Robertson pupil, 771 
Arm, nen’ous impulse in movement of, 53 
Arrhenius, law of, for enzyme action, 308 
Arsenic, excretion by skin, 566 
Arsenites, 475 

Arteria centralis retinae, 734, 739 
ARTERY (arteries), 91-2 
blood-pressure In, 137. See Blood pressure 
brachial, effect of blocking, 94 
bronchial, 90, 199 
cardiac, occlusion of, 72-4 
carotid, 152, 163, 176-8 
cerebral, 176-8 
circumflex, 94 

constriction by histamine, 447-8 
coronary, ligature of. 123 
functions of, 9, 91 
hEEmorrhage from, 96, 175 
radial, 138 

renal, ligatrue of, 194, 521 
helicine, 798 
hepatic, 502-4 
nerve supply, 159-61 
occlusion of, 94 
puhnonarj’, 80, 90, 199 
embolism of, 235 
pulse-wave in, 138, 139 
spasm of, at death, 95 
structure of, 91-2 
thalamogeniculate, rupture of, 663 
mnbilical, 825, 826 
vertebral, 176-8, 600 

Arterioles and chemical control of blood-vessels, 
167 

dilatation of, on venous flow, 143 
exercise on, 167 
of skin, 178-9 

peripheral resistance in, 129 
structiue of, 91 

Arterio-venous anastomoses, 94 
Artificial respiration. See Respiration 
Aryteno-epiglottidean fold, 706 


Axon. 

Aschheim-Zondek test for pregnancy, 81 
Asparagine, 285 
ASPHYXIA, 246-8, 698 

and Hering-Breuer reflex, 234 
in loclqaw, 612 
in section of spinal cord, 692 
on blood-pressure, 158 
on blood sugar, 481, 482 
on capillary flow, 190 
on cardio-inhibitory reflex, 166 
on pupU, 753 

on secretion of adrenaline, 781 
on sldn colour, 178 
on sympathetic activity, 152 
on venous blood, 168 
on venous pressure, 146 
on respiration, 230 
Assimilation, meaning of, 4 
Association of ideas, 642 
Astatic needle, 33 
Astereognosis, 639 
Asthenia, 688 
Asthma, 198 
action of adrenaline,' 779 
Astigmatism, 749 

Astringents, on blood clotting, 315 
Asynergia, 689 
Ataxia, cerebellar, 688 
Atonia, 688 
Atria, alveolar, 199 
Atrium of heart. Sec Auricle 
ATROPIXEj antidote to chloroform, 157 
on action of choline derivatives, 05, 66, 156, 
794 ' 

on colon secretion, 467 
on gastric secretion, 421 
on heart-rate, 153, 156 
on light reflex, 771 
on micturition, 525 
on pancreatic secretion, 430 
on parasympatlietic, 85 
on posture, 606 
on jjsychogalvanic reflex, 171 
on pupil, 752, 753, 779 
on salivary secretion, 409 
on secretions, 400, 407 
on submaxillary gland, 409 
on sweat-glands, 565 ' 

on vagus, 154, 156 
on vasodilator nerves, 62 
Attention, pliysiology of, 177 
Attraction sphere, of cell, 3 

Atwater-Benedict respiration and differential 
calorimeters, 349-50 
Auditory word centre, 702 
Audiometer, 729 
Aurjcle(s), of heart, 87-9 
ultima vjoriens, 107 
vagus on, 154 

Am-icuio-ventricular bundle, excitation wave in, 
140 

glycogen of, 473 
vagus on, 154 
Autolysis, 310 
in nerr’e degeneration, 56 
in rigor mortis, 45 

Autonomic nerr-ous system. See Xervous system, 
autonomic 
Auto-suggestion, 605 
Avertin, 445 

Aviation in high altitudes, 259-60 
Avogadro’s law for gases, 298 
Axis cj’llnders, groudh from cut nerve, 58 
of nerve-endings, 67 
Axon(s), 53, 68, 77, 79 
Axon reflex, 584 ' 
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Bi.0011. 


Babinskl's sign, 597 
BACTERIA, cooking on, 896 
destruction by gastric juice, 410 
evacuated in fajces, 448 
in lymph during infections, 193 
of saliva, 411 

Bacterial action, in largo intestine, 446-9 
Bainbridge (right auricular) reflex, 170. And see 
Reflex 

Barcroft’s method of estimating blood gases, 213 
Barcroflt’s saturator, 210 

Barcroft and Nagahashl’s method to determine 
tension of blood gases, 217 
Barley, constituents of, 390 
Basopluls, 830, 332 
Beans, iron of, 376 
Bechterew’s nucleus, 009 
Beckmann thermometer, 297 
Bed-sores, 82 
Beef, iron of, 376 . 

Beef tea, 397 
Beer, 305 
Behavourism, 621 
Bel, 728 

Bellini’s ducts, 614, 516 
“ Bends,” 257, 259 

Benedict’s method of studjdng metabolism, 350-1 

Benedict’s solution, 546 

Benedict’s test for sugar, 203 

Benzidine test for blood in urine, 642 

Berger rhythm, 077 

Beri-beri, 383, 388 

Bernard, Claude, 159, 177, 647 

Betaine, esterase, 305 

Beverages, 397-8 

Bicarbonates, 254 

Biedermann’s fluid, composition of, 47 n 
BILE, 417, 502, 500-11 
absorption of vitamin K, 387 
acids. 273, 490, 500-7 
circulation of, 508 

constituents, colour, taste, reaction, and specific 
gravity, 606 
duct, 504 

emulsifying agent, 442 
functions of, 510 
in digestion, 433 
in urine, 642 
on colour of fa:ces, 449 
on fat absorption, 443 
on lipase, 428 

on pancreatic secretion, 429-30 
on peristalsis, 455 
pigments, 329, 340, 507-8 
precipitation of pepsin by, 418 
salts, 506-7 
hsmolysis from, 345 
secretion, 608 

storage and excretion, 609-10 
Biliousness, 418 ■ 

Bilirubin, 329, 338, 507 
Biliverdin, 607 
Binefringence, of myelin, 58 . 

Biochemistry, scope of, 1 
Biology, scope of, 1-2 
Biophysics, scope of, 1 
Biotin, 387 

Birds, circulatory system in, 98 
Birth, the first inspiration, 236-7 
. Bismuth salts, reduced by glucose, 260 
Biurates, 535 

Biuret reaction, 276, 281, 283 
■ Black-water fever, 642 

BLADDER, urinary, in section of spinal cord, 693 ■ 
nervous control, 624-6 
terminal ganglia, 83 
Blastula, 820 


Bleeding as a therapeutic measure, 174 
for transfusion, effects on donors, 175 
on heart-rate, 153 
“ Blind spot,” 743, 753-4, 772 
Bhndness, colour-, tests for, 766-9 
from glaucoma, 738 

from loss of eyes and occipital lobes, 640 
Blistering of skin, 179 
BLOOD, 311-46 
acid-base equilibrium, 254 
alkali reserve, 225, 559-60 
estimation of, 214 

amount pumped by heart, 128, 130-1 
anti-coagulants, 316 
arterial, 90, 223 

association .and dissociation curres, 217, 219-21 
” buffer ” substances, 554, 559-60 
bleeding time, 315 
calcium, 651, 652 

cells, nucleated and non-nucleated, 327 
chemical test for, 336 
chlorides, 415, 550-1 
cldoride shift, 224 
choline esterase of, 305 
circulation of. See Circulation 
-clot, 91, 175, 177, 651 
-clotting (coagulation), 275, 282, 306, 314-18 
intravascular, 315 
negative phase, 315 
prevention of, 132 
time of, 315 

CDs content, 214 et scq., 223, 225 
colloidal osmotic pressure, 517 
colour, 90 
colour index, 324 
composition of, 470 
constant volume, 194 
constants, 547 et seq. 
corpuscles, 311 
hfemopoietic factors, 327 
histones of, 277 
in diabetes, 300 
in lymphatics, 194 
in urine, 538, 642 
iron of, 375 

number and enumeration, 324, 325 
RED (ERYTHROCYTES), 322-9 
balance with plasma ions, 224 
carbonic anhydrase of, 223 
chemistry of, 333 
cholesterol of, 274 
crenation of, 323 
fragmentation of, 328 
fragility of, 323 
gastric juice and, 416 ’ 
hsemoglobin of, 220. See Hfemoglobm 
hsemolysis, 323 
iiigh altitudes on, 258 
in inflammation, 322 
membrane of, 224 

of spleen, 182 

origin and fate of, 174, 185, 326-8 
passage along capillaries, 14.. 
rouleaux of, 322 
salts of (table), 322 
siderocyles, 323 
size of, 322 

transport of oxygen and CO., 220 el seq. 
WHITE, 329-33 
chemistry of, 333 
differential count, 326 
enumeration of, 325-6, 
enzyme of, 428 
ciycogen of, 269 
movements of, 7, 333 
of spleen, 182, 184-5 
origin of (in the adult). 
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Blood. 

Blood — continued 

protopla.'5nilo structure, 3 
creatinine, 534 

deficiency, remedied by lymph, 194 
depots, 182-0 

nervous control ot, 185-C 
of skin, 503 
destruction, 328-9 
fat, 443, 484, 488 
fatigue on, 70 et seq. 
faulty aeration In pneumonia, 235 
-flow, from exit vein, evidence of vascular change, 
100 

in exercise, 108 
in tetany, 108 

rate of, through a part, 101-2 
velocity of, in cerebral vessels, 177 
foital, formation of, 327 
and maternal changes, 827 
formation of, 505 
gases, estimation of, 212-216 
exchanges in, on respiration, 230 
tension, transport, and quantity, 210 ei seg., 555 
-groups, 342-4 

hemoglobin. See Hemoglobin 
H-ion concentration, 42, 222, 223, 258, 550 et seg., 
844 

human, distinguished from animal, 345 

in carbon monoxide poisoning, 261 

in diabetes meUitus, 266 

in feces, 449 

in starvation, 500 

in urine, 542 

kinetic energy of, 122 

lactate, in severe exercise, 40, 41, 42 

lecithin of, 275 

mineral constituents on heart action, 124 
odour of, 311-12 
of hyperthyrolds, 355 
of spleen, 182, 184 

passage of 0, from alveolar air, 226-7 
peripheral resistance to flow of, 128-9 
pigments (Hemochromes), 335-8 
phosphorus, 553-4 

-BLASMA (liquor sanguinis), 311, 318-22 
arterial, 516 
COj of, 223 
clotting^, 314-15 
composition, 319 
for transfusion, 344 
in gaseous interchange in tissues, 248 
reaction, colour, specifle gravity, 319 
Salts of (table), 322 
storage of, 245-6 
volume of, 312 
-platelets, 314-15, 331-2 
pooling In capillaries, 313 

-PE.ESSUB.E, aortic, on coronary and cerebral 
circulation, 176, 177 
arterial, adrenaline on, 777-8 
after section of spinal cord, 093 
amines on, 447 
and apnoea, 230 

and cardio-inhibitory mechanism, 156 

autonomic, control of, 83 

changes, cardlometer method of measuring, 

changes, caused by capillaries, 144 
during Valsalva’s experiment, 245 
exercise on, 169 

fall of, along systemic vascular system, 137 

hcemorrhage on, 174-5 

in disease and old age, 180 

in injury and under surgical operations, 163 

in kidney disease, 521 

in man, 134-7 

in post-influenzal debility, 174 
in raised intraeranial pressure, 698 


Blood. 

Blood, arterial — continued 

low, and distribution of blood, 146 
magnitude and variability, 180 
maintenance of, 128-31, l65 
mental effort on, 109 
on circulation, 97-8, 177 
on output of heart, 117-18 
on pulse waves, 139 
on reflexes, 589 

on return of blood to heart, 140-7 

pituitrin on, 789 

posture on, 173 

recording. In animals, 131-4 

respiration on, 147, 243-5 

sympathetic activity, 152 

vagus on, 153-6 

vasoconstrictor centre and, 158, 159 
capfllary, hmmorrahge on, 174 
on tissue fluid, 190 

cerebral, on cardio-inhibitory mechanism, 155 

diastolic, 129-30, 134-7, 169, 181 

important data, 844 

in various vessels (tabulated), 137 

intra-auricular, 103-4 

intraventricular, 101 

osmotic, 193, 190 

systolic, 134-7 

in mental activity, 180 
in severe exercise, 109 
venous, and blood depots, 180 
and return, 145-7 
during exercise, 109 
ha:monhagc on, 174 
measurement of, 145 
vagus on, 153 
reaction of, 312, 557-9 
relation to lymph, 194 
Eh factor, 344 
Salts of (table), 322 
specific gravity, 311 
storage of, 345-6 
substitutes for, 340 
SUGAll, average quantity, 844 
curve, 479 
estimation, 479-80 
high (hypcrglycmmia), 480 
hunger and, OOS 
in starvation, 499 
low (hypoglycrcmia), 477-8 
maintenance of, 479-84, 093 
-supply, in nutrition of heart, 123 
occlusion of, on skin, 143 
on pain, 72-4 
to brain, 170-7, 250 
to C.N.S.. 098 
to liver, 502-4 
to lungs, 199 
taste of, 310 
temperature of, 311 
tests for, 252, 345 

total quantity in human body, 141 . 
transfusion, use of citrates, 310 
urea. 322, 490 
estimation of, 545 
velocity in vessels, 137 
venous, 90 

carbon dio:ridc in, 223 
flow, depressor reflexes on, 100 
from tetanised limb, lOS 
inflow and return, 117, 119, 145-7 
-VESSELS, acctj'l-choUne on, 00, 794 
adrenaline on, 777-S 
afferent impulses from, to vagus, 154 
autonomic supply to, 81-2, 84 
cerebral, 170-7 
chemical control of, 107 
circulation in, 128-47 
constriction of, 00, 152 
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Blood. 

Blood — continued 

control of, 157-64 . 

damaged, after hsemorrhage, 175 

elasticity of, 128-30 

endothelial lining, 87 

exercise on, 157-8 

evidence of changes in, 160-1 

histamine on, 793 

in disease and old age, 180 

in injury to spinal cord, 693 

nerve-fibres to, 77 

nervous control of, 142, 157 et seg. 

nutrition of, 126-7 

of bone, 835 

of eyeball, 738-9 

of retina, 739 

of teeth, 451 

perfusion experiments, 162 
pituitrin on, 789 
splenic contractions on, 184 
structure of, in relation to their function, 91-4 
sweating on, 565 
tonus contraction, 48 
velocity of nerve impulse to, 68 
volume of, 312-4 
constancy of, 194 
relation to venous pressure, 145 
Blushing, 157 
Body temperature, 567-73 
factors governing heat production and loss, 570-1 
regulation of, 571-3 
Body-weight, 359-60 
essential amino-acids and, 497 
Bomb calorimeter, 347-9 
BONE(S), 832-42 
blood-vessels of, 91, 94 
calcium, on growth of, 374 
calcium storage in, 551, 842 
chemistry of, 840 
development of, 835-6 
histology of, 833-4 
in starvation, 500 
-marrow, 270 

activity at high altitudes, 258 
after removal of spleen, 185 
• hsemorrhage on, 174 
in leucocytosis, 332 
in oxygen-want, 324 
and see Marrow 
nourishment of, 835 
pelvic, in pregnancy, 816 
phosphorus in formation of, 654 
Vitamin D on, 380-1 ' 

^-oxidation, 487-8 

"Boutons” (pieds terminaux) of nerve-ceUs, 591-2 
Bowman, capsule of, 514 
Boyle-Mariotte’s law for gases, 298 
BRAIN, anatomy of, 674-6 
and rigidity of extensor muscles, 49 
asphyxia of, in cerebral injury, 248 
blood supply to, 127, 176-7 
cilia of ventricles, 7 ' 
comparative, of vertebrates, 575-6 
fibres, injury of, 69 
hemispheres,- compression of, 177 
in fatigue, 71 

in loss of consciousness, 671 
in starvation, 500 
on body temperature, 571-2 
parasympathetic fibres from mid-brain, 81 
primitive (archipaUium), 627 
Rolandic area, destruction of, 679 
sand, 792 

stimulation of cortex after ners'e crossing, 60 
vasoconstrictor centre, 158 ' 

vasodilator centre, 163 
volume during sleep, 673 


CA3rPHOR. 

Brain — continued 

and see Bulb, cerebrum, cerebellum, cortex, 
etc. ’ ’ 

Bread, 396 

“ Breaking point,” 181 
Breath sound, 204 
Breathlessness, 255-6 
as a symptom, 239 
in cardiac impairment, 120 
Bright’s disease, 540 
Btissaud type, 787 
British Thermal Unit, 347 n 
Broca’s area, 702, 703 

Brodman, analysis of cortical localisation, 634 et seg 
Bromide, on reflexes, 591 
Bronchial murmur, 204 
BRONCHIOLES, 198 
histamine on, 793 
Broncliitis, 198 
Bronchus (bronchi), 197-9 
adrenaline on, 779 
sympathetic on, 84 
Bruch, membrane of, 737 
Bruising, 329 

Brunner’s glands, 402, 416 
Buffer substances, 554, 559 
phosphate of plasma, 223 
Bulb. See Medulla oblongata 
Bulb, olfactory, 713 
Burdaeh, column of, 580, 627 
Bums, death from superficial, 144 
vasodilatation from, 192 
Butter, iodine value of, 273 
vitamins of, 378, 379-80 
Butyl alcohol, 271 
Butyrin, 392 


C 

Cadaverine, in urine, 543 
Caffeine, 398 
Caisson disease, 256-7 
Calamus scriptorius, 158 
respiratory centre in, 228 
Calciferol. See Vitamin D 
Calcification of bone, 838 ei seq. 
CALCIUM, absorption of, 274, 374 
co-enzyme for tluombin, 306 
essential for food absorption, 444 
excretion by bile, 510 
in coagulation of milk, 392 
in diet, 373-4 
in ossification, 841-2 
in pregnancy, 816 
in ventricular fibrillation, 113 
of cell protoplasm, 3 
of human milk, 393 
of mfik, 392 

on absorption of iodine, 356, 360, 373 

on blood clotting, 316 

on capillary permeability, 192 

on heart, 124 

on succus entericus, 431 

precipitation in bone, 305 

rigor, 124 

vitamin I) on, 381-2 
Calcium oxalate, in urine, 539 
Calcium-potassium balance, 551 
Calcium salts, constant, of body, 551 
in coagulation of blood, 316 
of milk, 392 

CALORIC, definition of, 346, 831 
daily requirement, 366-7 
requirement for rest and exercise, 352 
Calorimetry, 347 , 

Camphor, excretion of, 541 
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Camphor 

Camphor — continued 
test of olfactory acuity, 715 
Cana!(s), central, of spinal cord, 578 
, Haversian, 834 el seg. 
of cochlea, 720 
of Petit, 738 
of Schlemm, 733, 738 
portal, 503 

semicircular, 606-7, 718 
function of, 609-11 

Canaliculi, inter- and intra-cellular, of liver, 504 
Canaliculi, of bone, 833-4 
Cane sugar. See Sucrose 
Cancer, fundamental difficulty of, 830 
of stomach, hydrochloric acid absent in, 436 
Capillaries, bile. 504 

CAPILLABIES, blood-, and circulatory capacity, 
143-5 

and tissue fluid, 187 

chemical stimuli on, 157 

circulation in, 131, 142-3, 146 

compared vdth lymph capillaries, 188 

contraction and dilatation of, 94 

diameter of, 94 

dilatation on venous flow, 143 

dilatation and permeability, 167, 190-2, 386, 442 

exercise on, 167 et seg. 

filtration pressure, 195 

glomerular, 517 

in blistering, 179 

in course of circulation, 89-90 

in gaseous exchange in tissues, 248 

in pleurisy, 195 

in venous obstruction, 255 

of liver, 504 

of skin, 178-9 

osmotic and blood-pressure in, 301 
peripheral resistance in, 129 
pressure in, 137, 142 
pulmonary, 199 

sensitivity to chemical constituents of blood, 145 
structure of, 91, 93-4 
vasoconstrictor nerve supply, 160 
Capillaries, lymph, 187 et seg. 

Caproin, 392 
Capsule of Bowman, 514 
Carbohydrases, 305 
CAUBOHyDBATES, 262-70, 342 
absorption of, 438-9 
bacterial action on, 447 
calorific value, 348 
digestion of, 473 
hunger and, 365, 421, 667-8 
in balanced diet, 367 
in dystrophia adiposo-geiutaUs, 787 
ins ulin and, 475 A seg. 
kataholism, 471 
ketosis and, 488 
metabolism of, 472-84, 787, 791 
function of liver in, 505 
on'blood sugar, 479 et seg. 
oxidation of, 474-5 
pancreas and, 475 et seg. 
pituitary and, 787, 791 
respiratory quotient of, 254 
salivary digestion of, 412 
• source of muscular energy, 42 
starvation and, 499 
utilised by nerve, 64 
Carbon, 9, 39-42, 471 

CABBON DIOXIDE (carbonic acid), action of 
compared to sympathetic, 84 
alveolar, and breaking-point, 237 
amount expired, 242 
anhydrase for, 306 
arterial or constant, 223 
combining power of blood, 225 
dissociation from blood, 227-8 


Cavitihs. 

Carbon Dioxide — continued 
essential for respiration, 235 
estimation of, in venous and arterial blood, 119-20 
excretion by the kidney, 225 
in Cheync-Stokes respiration, 237-8 
in inspired and expired air, 253 
in metabolism in 'nerve, 64 
in muscle contraction, 39-42 
m rigor mortis, 45, 49 
in o:^gen excess, -261 
mobile, transport by hemoglobin, 223-4 
of blood, 214 

of blood from tetanised limb, 168 
of lymph, 195 

of respiratory air, 207, 208, 209 
of splenic blood, 182 
of tissue fluid, 187 
on blood-pressure, 158, 169 
on capillaries, 143 
on cardio-inlubitory reflex, 156 
on coronary circulation, 176 
■ on decerebrate rigidity, 602 
on hemoglobin, 220-1 
on heart, 9 

on nerve conduction, 63 
on refle.xes, 589 
on respiration, 0, 42, 231 
on spleen, 183 

on vasoconstrictor centre, 158 
on vasodilator centre, 159 
on vasomotor centre, 167 
on vasomotor response to posture, 173 
power to permeate cell membranes, 231 
removal, of, in gas analysis, 210 
passage in tissues, 248 
pressure in alveoli, 229 
specific respiratory stimulus, 231 
tension in lungs and tissues, 227-8 
transport of, in blood, 222 et seg. 

■waste product of muscular work, 9 
Carbon monoxide (coal gas) poisoning, 255, 201, 341 
Carbonates, of urine, 537 
Carboxyl, 263, 289 
Carboxyhtcmoglobin, 339, 341 
Carbo.xypeptidase, 427, 428 
Carcinogens, 273 
Cardiac-accelerator centre, 150-1 
Cardio-accelcrator mechanism, 153 
Cardio-inhibitory mechanism, 123 
Cardiographs, 105-0 

Cardiometer to measure output of heart, 116-18 
Carlson’s man, 423 
Carotene, 379, 381, 510 
Carotid bodies, 230, 792 
Carotid sinus. See Sinus 
CABTILAGE, 831-2 
arytenoid, 705 
cricoid, 705" 
hyaline, 831, 835 
of Santorini, 706 ' 
of Wrisberg, 706 
ossification in, 838-40 
thyroid, 705 

Casein, 278, 306, 391, 431, 497 
Caseinogen, 278, 288, 374, 391, 392, 433, 497 
Caseinogenate, 306 

Castle’s extrinsic (blood-forming) factor of gastric 
juice, 416-17 

Castration, on male organs, 805 
on mammary glands, 814 
on pituitary, 807 

on secondary sex characteristics, 805 
on thymus, 792 
Casts, in mine, 539 - 
Catalase, 25a 

Catalysis, in oxidation of foodstuffs, 251 

Catalysts, 252, 303 

Cavities, otolithic, function of, 608-9 
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Cells. 

CELL(S), acidophil, of pituitary, 783, 785, 788 
activities of, 3-4 ^ m > > 

amcBba, 3, 7 , ' 

amoeboid movement, 7, 14 
attraction sphere of, 3 
basopliil, 8 

Betz (giant pyramid), 625, 635, 640, 679, 680-2 
Wooa, size of; 319 
origin of (table), 334 
bone-formative, 835-6 
cardiac muscle, 50, 109 
central, of fundus glands, 425 
cUiated, 6-7, 14 
cytoplasm of, 3 
Deiters’s, 721 
division of, 3 
endothelial, 5, 87, 91, I42 
epithelial, 6-6 
in urine, 538 

external environment of. 4.5 
fat, 8 

fibroblasts, 8 
functions of, 3 et seq. 
fusiform, of involuntary muscle, 47 
of tongue, 711- 
ganglion, layer of, 734 
giant- (myeloplaxes) of red marrow, 833 
giant stellate. 625 
goblet, 279, 401 
granular, 8 
gustatory, 711 
hair-, of labyrinth, 607 
of organ of Corti, 721 
hepatic, 502 
lustiocjd«s, 8 
histological study of, 1 
in capillary contraction, 94 
intemuncial, 53 

interstitial, on menstruation, 818 
of ovary, 799, 809 
of testis, 797, 805-6 
irritability, power of, 4 
layers of cerebral cortex, 625-7 
lymphocytes, 8 
marrow, 332, 833 
mast, 8, 316, 317 
Merisel, 646 
mitral, 714 
mucoid, 425 

multipolar, of grey matter, 582 
muscle, release of adenine triphosphate from, 143 
muscle fibre, 11-12 
nerve. See Nerve 
neuroglia, 625 
nourishment of, 4-5 
nucleated, of spleen, I84 
nucleus and nucleolus, 3, 12 
nurse, of Sertoli, 797 
of parathyroid glands, 552 
of pituitary body, 783-4 
olfactorial, 713-14 
oxjmtic (parietal), 415, 425 
permeability of, 299 
pigment, 8 
adrenaline of, 779 
layer, of retina, 736-7 
movement of, 755 
pltultrin on, 790-1 
uvea, of iris, 732 
plasma, 8 

protoplasm of. 3, 279 
Purldnje, 109,' 685 
reticulo-endothelial, of spleen, 185 
Eouget, 94 
Schwann, 56, 59 
solitary, of Meynert, 64o 
-stations, 81, 82-3 


„ Chlokipes. 

Cells — continued 

stellate, of Kupffer, 328, 329, 504 
structure of, 3 et seq. 
supply of oxygen to, 248 
tissue, nourishment of, 187 
Celloblose, 268 
Cellulose, 265, 269, 270 
bacterial action on, 447 
in fieces, 448-9 
on intestinal movement, 48-9 
unaffected by ptyalin, 412 
Cement, dental, 451 

CENTRAL NERVOUS SYSTEM, 52 ct seq., 574-6 
afferent paths (diagram), 662 
analysers of, 652 
blood-vessels of, 91 
death of, 126-7 
efferent paths (diagram), 681 
fatigue in, 71 
functions, 581, 695-7 
investigations of tracts of, 578-So 
motor path, 53 
myelination of fibres, 627-8 
nutrition of, 698-701 
reaction time, 683 ' 
sensory pathways, 660-9 
Centres, spinal, for muscular viscera, 598 
Centrifugal force, effect of, on circulation. 174 
Cephalin, 317-18 
Cereals, 269 

CEREBELLUM, 684-91 
afferent pathways, 691 ' 
centre for co-ordination, 687, 696 
connections of, 685, 686 
flocculo-nodular lobe, 688 
functions, 685-91 
localisation of function, 690 
recovery from lesions, 690 
removal of, 688 
Cerebrosides, 275 
. Cerebro-spinal fluid, 698-701 
CEREBRUM, 575-6, 622-43 
cell layers, 625-7 
cortex. See Cortex, cerebral 
embryology, 625-6, 627-8 
extirpation of motor areas, 636-7 
• faulty development of, 688 
functions of, 629-43 
levels of association, 672 
localisation of functions, 632-43 
in recovery from cerebellar lesions, 690 
removal of, in fish, frog, bird, mammal 630-2 
removal of, on fatigue, 72 
structure and functions of, 622-43 
Cerumen, 564 
Cheese, 391-2 
iron of, 376 
ripe, 286 

Cheiro-ldnEesthetio area, 702 
Chemistry of body, 262-90 
physical, and its bearing on physiological 
problems, 1, 291-310 
Chest, blood-pressure in, 147 
expansion in inspiration, 201 
vital capacity, 205 
Chest-cavity, in respiration, 201 
Chilblain, vasodilatation from, 192 
Child, body weight and basal metabolism, 359 
diet requirements, 360, 364 
Chittenden diet, 362-3 
Chloral, 512 
excretion of, 541 
on sympathetic, 15 T 

Chlorazol fast pink, on blood clotting, 316 
Cldoride shift, 224 
Chlorides, excretion of, 620 
in acid-base equilibrium, 560 
of lymph, 195 
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CraOEIDES 
Chlorides — continued 
of urine, 536 
ptyalln and, 306 
Chlorine, of urine, 530 
on respiration, 234-5 
Chlorocruorin, 335 
Chloroform, excretion of, 541 
fat solvent, 345 
on cardiac muscle, 157 
on cutaneous sensibility, 659 
on heart, 126 
on pupU, 753 

on red blood corpuscles, 345 
on sjTnpathetic, 157 
Chlorophyll, 335, 338, 472, 550 
Cholagogues, 430 
Cholecystokinin, 509 
CHOLESTEROL, 273, 274 
likeness to bile acids, 507 
of bile, 506, 508 
of blood, 484, 485 
of blood corpuscles, 333 
of egg. 394 
of ndlK, 392 
of nervous tissue, 57 
of plasma, 321 
of spleen, 185 
osmic acid reaction, 276 
selective absorption, 443 
CHOLINE, 794-5 

constituent of lecithins, 275 
esterase of; 305, 795 
of SjTnpathetic ganglia, 67 
on heart-rate, 156 
on liver fat, 486 
on parasjrnpathetic, 85 
on submaxillary gland, 409 
Chondrin, 831 
Chondro-mucoid, 279, 311 

Chorda tjmpani, on salivary secretion, 409, 
410 

parasjmipathetic supply to, 82 
Chordaj tendineas, 88, 100-1 
Chorion, foetal membrane, 820 el seq. 

Choroid coat, of eyeball, 731, 732 
Chromatolysis, 72 
Clrromatin (nuclein), 279, 327, 330 
Chromo-proteins, 276, 279 
Chromosomes, 799, 803, 807 
Chronaxie, 19, 48 
Chyle, 187, 194, 402, 441 
Chylomicrons, 441 
Chyme, 510 

Chymotrypsin, 427, 428 
Cicatricula, 819 

Cilia, of ciliated epithelium, 6-7 
Ciliary body, 732 
Ciliary motion, 7, 14 
CUio-spinal centre, 598 
Circle of 1111113, 176 
CIE.CULATION of the blood, 87-98 
adaptation to gravity, 357-8 
adrenaline on, 777-8 
asphyxia on, 246 
anoxaemia on, 698 
capacity of, and capillaries, 143-5 
capillary, 142-3 
cerebral, 176-8 
collateral, 94, 255 
control of, 76, 148-81 
coronary, 126, 175-6 
crossed, experiments on, 230 
cutaneous, 178-9 
discovery of, 95-6 
efficiency of, 180-1 
exercise on, 167-72, 239 
failure of, 238, 255 
foetal, 825-6 


COXCHA. 

ClTCMitiiion— continued 
gravity on, 172-4 
hoemorrhage on, 174-5 
in blood-vessels, 128-47 
local peculiarities, 175-80 
nourishment of cells tluough, 4-5 
pituitrin on, 789 
portal, 90 

posture on, 181 - ^ 

principle of, 96-8 
pulmonary, 89-90, 176, 245 
renal, 90 

respiration on, 256 
systemic, 89-90 
time of a complete, 140-1 
vagus on, 162-6 
velocity of, 122 

venous pressure and return, 145-7 
impaired, in dropsj% 192 
Circus movement, 111-12 
Citrates, in blood transfusion, 316 
Citrin, 386 
CitruUin,- 492 
Clarke’s column, 691 
Clasmatocytes, 328 
Claustrum, of island of Beil, 025-0 
Clerk-JIaxrvelTs cx-periment, 762 
Climacteric (menopause), 818 
Clitoris, erection, 179 
Closure-contraction, 70 
Cobra venom, 274 
Coca, 393 
Cocaine, 398 

on capillary contraction, 142 
on carotid sinus, 163 
on cutaneous sensibility, 059 
on nervous tissue, 142 
on small intestine, 400 
on taste, 712 
Co-carboxylase, 310 
CoeWea, 606, 718, 719 
Cocoa, 398 

Coefficient of oxidation, 250, 251 
of solubility, 212 
Co-enzj-mes, 306 
Coffee, 397-S 
Coitus, 818 
pituitary and, 793 

COLD, exposure to, sympathetic and, S3 
on blood volume, 313 
on kidney excretion, 520 
on metabolic rate, 354 
on mixed nerve, 03 
on skin vessels^ 178 
protection against, by atlrcnaline, 781 
the common : ciliary movement and the, 7 
Cold spots, 648-50 
Collagen, 8, 50, 278, 427, 840 
Colloids, 280, 295, 303-4 
colloidal solution, 280 
Colon, contractions of, 184 
nerve supply to, 83 
tonus of, 48 

vessels of, during emotion, 1 V 2 
Colostruih, 390, 814 
Colour-blintlness, tests for, 706-9 
index, of blood, 324 
-mixture, binocular, 76S-9 
of skin, 178-9 
reactions, of proteins, 281 
sensations, 762-3 
vision, 764-9 
defective, 705-9 
Colours, complementary, 763 
Coma, 698 

Compensatory pause, in heart muscle, 110-11 
Compression, cerebral, 177-8 
Concha, of ear, 710 
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CoNDnnsNTs. 

Condiments, 397 

Conduction, nith decrement, 62-3 
unidirectional, in reflex arc, 589, 592 
Conductivity of nerve, 61-2, 68-9 ■ 

Conjugation, stage in detoxication, 512 
Cone fibre, 736 
Cone granule, 736 
Cones, movement of, 755 
rods and, layer of, 733 ct scQ. 

Coni vasculosi, 797 
Conjunctiva, 730, 739 
Connective tissues, 8-9 
CONSCIOUSNESS, 629 
blood supply to brain and, 176 
C.N.S. and, 53 
loss of, 671-3 

physiology of conscious states, 670-8 
Consonants, 709 

Constipation, 361, 445,- 463-4 < 

Contractile substance, of muscle fibres, 12 
Contraction of muscle, 20-46 : and see Muscle 
Contracture, 26, 70 
Cnnypj-^genriv jranniMla -in -mflftY 
Convolutions (gyri) of cerebrum, 622-3 
Convulsions, 698 
of asphyxia, 246 
post-ancesthesia, 603 

Cooking, importance of, 365-6, 396-7, 423 
Copper, excretion of, 510 
in diet, 324, 327, 376 
of haemocyanin, 335 
reduction of, 265,-260, 267, 512 
Cord, spinal, -CO. on, 230-1 
stimulation of, on spleen, 183 
vasoconstrictor centre in, 158 
umbilical, 820, 828 
Cords, vocal, 704-7 
Coriiim,' of alimentary canal, 401 
COKNEA, 731, 740 
distance to lens and retina, 740 
index of refraction, 740 
radius of cun'ature, 740 
sensibility to pain, 655 
Comeo-scleral junction, 732, 733 
Corpora cavernosa, 793 
Corpora quadragemina, 604 
Corpus Arantii, ,89 
Corpus callosum, 618, 622, 623 
Corpus Higlunorianum (body of Higlunore : 

mediastinum testis), 797 
Corpus luteum, 783, 801-2 
hormones of, 810-11 
on lactation, 811 
menstrual cycle and, 801, 817-18 
pregnancy on, 816 
Corpus spongiosum, 793 ’ 

Corpus striatum, 622 
degeneration of, 695 
Corpuscles, blood. See Blood 
bone-, 838 
colostrum, 391, 814 
concentric, of Hassall, 791- 
Golgi-Mhzzoni, 647 
lymph, 189 

Malpighian, 182, 184, 514 
Meissner’s touch, 644-5, 649-50 
Pacinian, 163, 644 
Buflini’s, 647, 650 
CORTEX-adrenal, 697, 776, 782-3 
' development of, 780 
histamine and, 793 
virilism and, 809 . 

Cortex, cerebellar, Purkmje cells, 685 
Cortex, cerebral, 622, 625-30, 632-43 
auditory area, 641 
electrical reactions, 637-8, 677-8 
embryology in relation to function, 627-8 


~ , Death. 

Cortex — continued 
Elechsig’s cortical fields, 628-9 
functions, of, 632-43 
histology, 625-7 

localisation of functions, 632-43 
motor area, 634-5 
parietal area, 638, 642 
premotor area, 635-6 
sensory area, 637-43 
stimulation of, on heart, 151 
visual area, 639, 769-70 
Cortex, of lymphatic gland, 189 
Cortex, visuo-psychic, 641 
Cortex, visuo-sensory, 641 
Corti, organ and rods of, 720-1 
Corticosterone, 783, 811 
Cotyledons, of decidua basalis, 821 
Coughing, 239-40 
Conper’s glands, 807 

Crabs, heat production in nerves of. 62, 65 
CBEA’PINE, 287 
of muscle, 46 

of muscle contraction, 39-42 
<?/ 533 

in pregnancy, 828-9 
Creatinine, 321 
of muscle, 46 

of urine and blood, 491, 533-4 
Crenation of red blood eorpmcles, 323 ' 
Cretinism, 355 
Crista acustica, 607 
Croup, 240 

Crushing, hsemolysis from, 345 
Crusta petrosa, 451 
Crypts of Lieberkfihn, 402, 431 
Crystallin, 277 

Crystallisation of proteins, 280-1 
Crystalloids, 280, 295, 300 
Cupula, 607 
Curari, action of, 19, 71 
Curd, of milk, 282, 392 
Current of action, in muscle, 26, 35 
in nerve, 68 
in optic nerve, 757 
Current of injury, in muscle, 36 
Cushing’s syndrome, 785, 786 
Cusps, of cardiac valves, 88, 100-1 
Cyanides, a tissue poison, 253 
on carbonic anhydrase, 223 
Cysteine, 287 
Cystine, 287, 497-8 
excretion by skin, 566 
in urine, 536, 539, 540, 543 
Cystinuria, 540, 543, 566 
Cytochrome oxidase, 253 
Cytochromes, 46, 252, 253, 335, 375 
Cytoplasm, of cells, 3 
Cytosine, 280 


Dale and Evans method of determining reaction of 
blood, 558 

' Dalton-Henry law, 213 
Dark, adaptation to, 755-7 
Dead space, 205 
Deafness, 722, 723 
Deafness, boilermaker’s, 725 
Deaminases, 306, 433, 495 
Deamination of amino-acids, 491 
Death, after extirpation of paratlijTOids, 552 
by strangulation, 672 . 

from anaamia of C.N.S., 698 
from asphyxia, 246 
from. " 0 "- 

from ' ■ ■ . ■ ■ ■ i 

from ■' ■ 157 
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Death. 

Death — continued. 
from insulin e.xcess, 477-8 
from starvation, 499 
from superficial burning, 144 
from sweating, 550 
natural, 843 
spasm of arteries at, 92 
DECEREBRATE RIGIDITY, 599-G03 
COj essential to maintenance of, 235 
Decibel, 728 

Decidua, in pregnancy, 816 
Decidua basalis (serotina), 820 et seq. 

Decidua capsularis (reflexa), 820 et seq. 

Decidua vera, 820 et seq. 

Defajcation, 462-4, 598 
after section of spinal cord, 693 
Decibel, 728 

Degeneration of Xerve. See Nerve 
Deglutition, 452-5 
respiration during, 237 
Dehydrogenase, 252 
Deiters, cells of, 721 
Deiters’s nucleus, 586, 594, 609 
Dementia, 627 

Denaturation of proteins, 282 
Dendron, nerve impulse in, 68 
Dentine, 450-1 
Dermatitis, 384 
Desaturation, 488 
Desoxycorticosterone, 811 
Detoxication in the body, 511-13 
Deutero-albumose, 284 
Deutero-proteoses, 427 
Deviation, conjugate, 640 . 

Dextrin(s), 265 

distinguished from glycogen, 270 
in digestion of starch, 269, 412, 438 
on gastric secretion, 422 
Dextrose. See Glucose 
Dextrose-nitrogen (D : N) ratio, 483 . 

Diabetes insipidus, 522, 787, 789-90 
DIABETES iMELLITUS, 476-84, 788, 791 
alveolar air in, 208 
appetite in, 667-8 
blood in, 266 
blood fat in, 484 
coma of, 673 
ketosis in, 488 
sweat in, 566 

urine in, 266, 529, 532, 541 
Diacetin, 271 
Dialysers, 280 
Dialysis, 295 
Diaminuria, 543 
Diaphragm, in respiration, 201 
Diarrhcea, on osmotic pressure of blood, 196 
on amount of urine, 549 
Djastase, 268, 305, 412 

Diastole, auricular and ventricular, 99-100 102-3 
pressure during, 134-7 ’ 

Diastolic index, 136 
Dicrotic notch, 138 
wave, 138 
DIET, 361-89 
balance of, 367 
essential substances, 361 
extraneous factors in, 360 
in causation of goitre, 356 
in relation to growth, 831 
income and expenditure (table), 471 
ketogenic, 489, 529 
official dietaries, 367-8 
on kidney volume, 522 
on urine, 528-9 
quality of, 361-2 
salt requirement, 373-6 
typical meals, 370-2 
vegetarian, 366 


EDErDQE- G reek Parrots. 

Diet — continued 
vegetarian, on peristalsis, 455 
vitamins in, 387-8 
water in, 648 
weekly diets, 368-9 
Diffusion, 226, 294-5, 300, 443-4 
DIGESTION, general aspects, 433-4 
mechanical processes of, 450-69 
methods of investigating juices, 435-6 
salivary, 472 
Dihydroxyacetone, 272 
Dilator pupillse, 732 
Dilemma, 683 
Dioestrus, 808 
Dipeptldes, 281, 289 
Disacch.arides, 264-5 
excretion of, 439 
Discs, tactile, 646 
Discus prollgerus, 800 
Disease, infectious, on plasma proteins, 321 
Diseases, vitamin deficiency, 388 
. Dissociation, 291 et seq. 

Diuresis, exercise on, 522 
in damage to hypothalamic region, 695 
Diuretic hormone, 790 
Diving, necessity for wide-bored tubing, 235 
Dome s line (Krause’s membrane), 13 
Dog, o.xidation of uric acid, 495-6 
Douglas bag, 208-9, 351 
Dreams, electric reactions of corte.x. 678 
Dropsy, 146, 190, 192, 279 
Drugs, absorption per rectum, 445 
detoxication in liver, 505 
excretion of, 510, 541, 566 
narcotic, on brain volume, 673 
on sleep, 675 -C 

on automatic nervous system, 85 
on cutaneous sensibUity, 649, 659 
on heart, 156-7 
on muscles, 51 
on peristalsis, 455 
on pupil, 752-3 
on reaction time, 683 
on reflexes, 591 

0“ submaxillary gland, 409-10 ‘ 
perfusion experiments on action of. 16“’ 
standardisation of, 48 
Drum (tympanum) of ear, 710 
Duetts), alveolar, 199 
Bellini’s, 514, 516 
cystic, 502 
hepatic, 502 
lachrymal, 730 
lactiferous, 394 

lymphatic, 332 ' '' 

thoracic, 187, 332, 443, 484 
Ductus arteriosus, 826 
Ductus venosus, 825 
Dulcitol, 263 

Duodenum, regurgitation from, 417-18 

Dura mater!‘^ 574 “^’ estimations, 544-5 

Dyes, \ital,’8 

Dj'sentcry, 440 

Dyspnoea, 246, 255-0 

Dystroplua affiposo-genitalis (Frolilieh’s syndromt 


E 


— Ul, t lU-ZL 

muscle fibres of, 12 n 
Eck fistula, 493 
Ectoderm, 278 
Eczema, 393 
Edcstin, 288, 497 
Edridge-Green parrots, 766 
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' EDEroaE-GREEN’s Tests. 

Edridge-Green’s tests for colour-blindness, 766 et seg 
Effort tolerance test of efficiency of circulation^ 

EGG(S), sk 

albumin, 277, 281, 288, 394 
globulin, 277 
iron of, 376 

vitamins of, 378, 382, 387, 394 
• -wliite, denaturation of, 282 
-yolk, cholesterol of, 274 
lecitliin of, 275 

Einthoven’s galvanometer, 34 
Elastic tissue, 8, 91 
Elasticity, of muscle, 29 
Elastin, 278, 427 
Elastoses, 283 

Electric current, on nen'e conduction, 63 
Electric stimffiation, 17-19 
Electrical change, in nerve dining activity, 63 
. Electrical variations (voluntary contraction), 26 
Electricity, animal, 32-9 
Electro-cardiogram, 113-14 
Electro-encephalogram, 677 
Electrodes, non-polarisable, 35 
Electrolysis, in tissues, 35 
Electrolytes, 292-3 
Electrolytic dissociation, 292 el seq. 

Electrometer, capillary, 34 
Eleidin, 662 

Elephantiasis, lymphatics in, 192 
Embolism, 235 
Embryo, 820 et seq. 
cerebral cortex, 625-6, 627-8 
glycogen of tissues, 269 
investigation of tracts of C.N.S., 578 
neural crest, 84 

sinusoids of liver and kidney, 93 
vascular area, 326-7 
Embryotrophe, 823 
Emetics, 459 

EMOTION, hypothalamic region, 694 
on colonic peristalsis, 461, 467 
on digestion, 457 
on gastric secretion, 423 
on pupil, 753 . 

on secretion of adrenaline, 781 
on spleen, 184 
on sympathetic, 83 
on vascular system, 172 
on ventilation, 239 
Emulsification, 273 
in fat absorption, 441-2 
Endocrine organs. See Ductless glands 
Enamel, of teeth, 451 
End-bulbs, 644, 650 
Endocardiac pressure, 101 
Endocardium, 87 
Endolymph, 607, 718, 720, 722 
Endoneurial tubes, 56 
Endothelium (pavement epithelium), 5, 275 
of lymph capillaries, 187-8 
of spleen pulp, 183 
of vascular system, 91-3 
Enemata, “ nutrient," 445 
Energy, 347 et seq. 
conservation of, 357-9 
of muscle contraction, 30 
Enterogastrone, 423 
Enterokinase, 428, 431-2, 433, 439 
Bntozoa, in urine, 539 
Environment, internal, 647-66 ' 

ENZYMES, 304-10 
absent ftom large intestine, 446 
activation of, 306 

adenyl phosphatase In muscle contraction, 41 
anti-, 310 

carbonic anhydrase, 223 


^ , Excitation. 

Enzymes — continued 
characteristics of action, 306-7 
CO-, 306 

coagulation, 282, 306 
hydrolytic, 266, 305 
in fat metabolism, 489 
in mechanism of oxidation, 251 
Iron factor, 375 
inexhaustibility of, 307 
nature and action of, 309-10 
optimum reaction, 308 
oxidation reduction, 305-6 
pancreatic, 427 
poisons, 310 
proteolj^ic, 45 
reversibility of action, 308-9 
specificity of action, 306-7 
temperature on action, 307-8 
velocity of action, 307-8 
vitamin B, on action of, 384 
EosinophUs, 330, 332 
Ephedrine, on micturition, 525 
Epicardium, 121-2 
Epicritic sensibility, 657 
Epidermis, 178, 562 
Epididymis, 797 

Epilepsy, electrical reactions of cortex, 678 
Jacksonian, 636, 637 
Epiglottis, 705 
Epiphysis, 840 
Epithelium, ciUated, 6-7, 198 
columnar, 5-6 

intestinal, and osmosis, 300 
of alimentary canal, 401 
of alveoli. 226 

pavement (endothelium), 5, 198 
stratified, 6 
transitional, 5 
Equilibrium, 660 
function of cerebellum, 627 
maintenance of, 604-12 
point, 302 - . 

Erectile tissues, 98, 179-80 
Erection, 179-80, 598 
Erepsin, 305, 432, 439 
Brgograph, 71 

Brgosterol, 273, 274, 381-2, 610 
• Ergotamine, on adrenaline, 778 ' 
on blood sugar, 482 
on heart-rate, 156 
on sympathetic, 85 
Ergotoxine, on adrenaline, 778 
on heart-rate, 156 
on sympathetic, 85, 151, 164 
on submaxillary gland, 410 
pituitrin and, 789 
Ei^hroblasts, 327, 833 
Erytliroblastosis, 344 
Er^.hrocyteS=Ked blood corpuscles q.v. 
Erjdhro-dextrin, 269, 412, 435 
BSEBINE (physostigmine), on action of acetyl- 
choline, 65, 66 
on colon secretion, 467 
on viUi, 467 

use in myasthenia gravis, 792 
Esterases, 305 
Ether, on pupU, 753 
hremolysis from, 345 
Ethyl alcohol, 263, 266, 271 
Bucortone, 443 
Euglobulin, 320 
Eustacian tube, 717, 722-3 
Eustachian valve, 88, 825 , 

Excitability (irritability), measurement of, 18-19 
of nerve, 61-2, 68-9 
of unstriated muscle, 48 
views on, 616 
Excitation,. 615 
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Exceetios. 

Excretion, definition of, 4 
by large intestine, 446 el seg. 
by tubules, 519-20 . 

EXERCISE, control of blood-vessels during, 
157-8 

lactic acid in, 74 
muscular pain in, 72-4 
on blood, 256 
on blood depots, 186 
on blood-pressure, 136 
on blood sugar, 480-1 
on body temperature, 572 
on capillaries, 143 
on circulation, 167-72 
on coronary circulation, 176 
on digestion, 457 

on dilator and vagal reflexes, 165-6 
on diuresis, 522 

on excretion of a mm onium salts, 560 
on excretion of phosphate, 475 
on gastric secretion, 412, 424 
on iieart, 118-20, 121, 141, 155, 169-70 
on heat production in muscle, 42 et seg. 
on lactic acid, 74 
on lymph flow, 193 
on neutrality of body, 225 
on respiration, 231, 239 
on respiratory quotient, 42, 254, 255 
on return of blood to heart, 147 
on secretion of adrenaline, 781 
on spleen, 183-4 
on sjunpathetic activity, 152 
on venous pressure, 169 
on vital capacity, 205 
second wind, 256 
severe, alveoli during, 226 
blood lactate in, 40, 42 
oxygen debt in, 254 

sympathetic, adrenaline, and CO, in, 84 
stiffness after, 192 
Exhaustion, of asphyxia, 246 
Expiration, 200 et seg. 
centre, 228 

contraction of bronchial muscle, 198 
Extinction of conditioned reflex, 617, 619 
Extractives, of nervous tissues, 57 
of plasma, 321 

EYE, the, and vision, 730-74 
anterior and posterior chambers, 738 et seg. 
aqueous humour, formation of, 193 
as optical instrument, 739-48 
-baU, 81, 731-9 
blood-shot, 739 

convergence in accommodation, 745 
dark adaptation, 756 
defects in, 748-50 

deviation, in cerebellar disease, 689 

emmetropic, 748 

fluids of, 738-9 

important data, 845 

intraocular pressure, 738-9 

lashes, 730 

lids, 730 

movement, compensating, 691 
movements, co-ordination of, 685 
nodal point, 741 

ophthalmoscopic examination, 759-61 
optical axis, 741 ' 

pupil, adrenaline on, 86 ■ 
chloroform on, 157 
contraction of, 745, 753 
dilatation of, 60, 753 ' 
narcotics on, 157 
sympathetic on, 84 
reaction to accommodation, 771 
, reduced sehematic, dimensions of, 740-1 
reflexes of, 770-1 


Eehlino's Solution. 
Ej'e — continued 
visual axis, 741 
visual (optic) angle, 742 


F 

Facilitation of reflex, 588 
F^CES, composition, colour, reaction, 448-9 
nitrogen, carbon, and water of, 472 
pigment stcrcobilin, 507 
■ storage and evacuation, 445-9 
Fainting, 698 

cerebral vessels during, 177 
in blood donors, 175 
in hot bath, 145 
vascular dilatation in, 178 
Fallopian tubes, C, 818 
Falsetto, 703 

Faraday’s extra current, 18 
Faradisation, 20 

Fasciculus cuncatus (column of Burdach). See 
Spinal cord, tracts in 

Fasciculus gracilis (column of Goll). See Spina! 

cord, tracts in 
Fasting, 668 

FAT{S) (simple lipides), 270-3 
absorption of, 438, 441-3 
and absorption of calcium, 551 
and pituitary extracts, 791 
bacterial action on, 447 
bile on, 433 
blood-, 441, 484, 791 
calorific value, S4S 
chemical constitution of, 271 
constant, 554 
depots, 485-6 
desaturation in liver, 488 
emulsiflcation of, 428 
formation of, 47 4 
excessive, 359 
-globules of chyle, 187 
in Addison’s disease, 782 
in bile, 506 

in Brissaud type tumours, 787 
in starvation, 499, 500 
metabolism of, 4S4-9 
of adipose tissue, 8 
of areolar tissue, 8 
of cells, 485 
of hunphatics, 194 
of milk, 391, 392. 
of muscles, 15, 46 
of nervous tissues, 57 
of plasma, 321 
on gastric secretion, 422-3 
on respirntoiy quotient, 254 
origin of, 484 
oxidation of, 487-8 
source of muscular energy, 42 
storage, 485-6 
transport of, 443, 4S5 
unsaturated, 273 
utilisation of, 04, 485 
FATIGUE, 70-5 
and sleep, 673-4 
in reflex arc, 588 
in tetanus, 26, 28 
industrial, 74 
of walking, 30 
on chronaxic, 19 
on cfllcicncy of muscle, 31 
on muscle contraction, 23 
on rigor mortis, 45 
relative absence of, in nerve, 62 
sjTnpathetic on, 84 
Feeling, 029 

Fclding’s solution, estimation of glucose, 200 
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' FEnnNO’s SoiitraioN. 

FcUing’s solution — continued 
reduced by glucuronates, 205 
reduced by vitamin C, 380 
Feiiling’s test for sugar, 203, 641 
Fenestra ovalis, 710, 718, 719,' 723 
Fenestra rotunda, 7i0, 7i9 
use of, 724 

Fennente. Sec Enzymes 
Fermentation, 304 
test for glucose, 200, 541 
Ferrocyanidc of copper, 295-6 
Fertilisation. 818-20 
Fever, 572-3 
lieart sounds in, 104 
on dicrotic wave, 139 
on skin vessels, 178 
typhoid, 410 

value of adrenaline in, 781 
Fibres, muscle-, 11 ct scq. And eco Muscle 
nature of, 8-9 
nerve-. See Nerve 
of c.irdiac muscle, 50 
■ perforating, of compact bone, 834 
. Purklnje, 109 
pyramidal, 53 
Fibrillation, 100, 112, 113 
Fibrils, 12, 59 
Fibrin, a globulin, 278 

deposition of, in coagulation of blood, 314, 317-18 
ferment, 282 
of lymph clot, 195 
trypsin on, 427, 431 
Fibrinogen, a globulin, 277 
formation by liver, 320, 605 
function of, 321 
of plasma, 319-20 
precursor of fibrin, 310-18 
Fibro-cartilago, 832 
Fibroblasts, 8, 831 
Fibrous tissue, 8, 91 
Fibrositis, 644 

Filariasis, lymphatics in, 192 
Filtration, 298 
and reabsorption, 519 
in food absorption, 444 
Fish, circulatory system in, 97 
Fishes, electric, 38 
Fissure, median, of spinal cord, 578 
Fissures (sulci), cerebral, 022-3 
Fistula, gastric, 419 
Fixation, detoxication by, 513 
Flatulence, 447 
Flavin complex, 252 
Flechsig’s embryological method, 027-8 
Fleclisig’s myclogenetio cortical fields, 028-7 
Flechsig, tract of, 027 
Flicker, 758 
Flocculus, 087 
Flour, 375, 395-0 
Fluid, amniotic, 820, 824, 827-8 
cerebro-spinai. See Cercbro-spinal fluid 
Fluids, reaction of, 304, 556-7 
Fluorine, in diet, 376 
Flutter, auricular, 111-12 
Focus, 740 

FCETUS, blood of, 722 
brain of, 622 627-8 • ' 

circulation, 826-0 

decidua and fcetal membranes, 820-5 
delivery of, 48, 827-9 
dissociation curve, 827 
glycogen of, 473 
heart-rate, 115 
rhythm, 106 
sinus of, 98, 108 
lactation and, 815 
liver and spleen of, 327 
metabolic waste products, 823 


T, , GANGIIfiN. 

1' oetus — continued 
nutrition of, 822-3, 827 
respiration, 827 
supply of oxygen, 236 
FoUicles, Graafian, 799, 802, 809, 812 
solitary, 401, 440 
Fontana, spaces of, 733 
FOOD, 390-8 
absorption of, 437-49 
adjuncts to, 397-8 
assimilation of, 4 
calorific value and r.c]., 845 
flavour; 423 
minimum bulk, 301-2 
on body temperature, 568-9 
on heart, 120 
oxidation of, 251 

physiological and physical heat-values, 348-9 
physiological order of a dinner, 423-4 
proximate principles, 390 
specific dynamic action, 354 
Foramen of Magendie, 699 
Foramen of Monro, 699 
Foramina of Luschka, 099 
Form, estimation of,. 773-4 
Forty mlllimotro test of efiiciency of circulation, 181 
Fossa, ovalis, of heart, 88 
Fovea ccntmlis, 733, 737, 759 
Fractionation in moto-neurone pool, 593 
Fractures, healing of, 386, 842 
Fragmentation, of rod blood-corpuscles, 328 
Franck, Francois, cannula of, 132 
Free-weighting, 31 
Freezing, of food, 365-6 
on nerve conduction, 63 

Freezing-point, to determine osmotic pressure, 297 
Frog, circulatory system of, 97-8 
contraction of heart of, 107 
sympathetic control of circulation, 149-50 
vagal activity in, 153-4 

Frohlich’s syndrome (dystrophia adiposo-genitalis), 
095, 787, 788-9 

Frostbite, vasodilatation ilom, 192 
Fructose (Icevulose), a carbohydrate, 262 
chemistry of, 263, 288 
formation of, 266, 267, 805, 438, 472 
in urine, 541 
on heart action, 125 
test for liver efficiency, 438 
Fruit, as adjimct to food, 398 
cellulose of, on intestinal movement, 48-9 
iron of, 376 
vitamin C of, 385-6 

Function, organic, methods of investigation, 630 
Fungi, in urine, 539 
Furfuraldehydc, 507 
Fuscin, 755 


G 

alactosc, a monosaccharide, 265 
conversion by liver, 438 
formation of, 267, 472 

in production of lactose, 4(4 

alactosides, of nerve tissue, 57, 2(o, 2/6 

all-bladder, 502, 509, 510-11 

aU-stones, 274, 508, 510 _ 

alvani, Luigi (1737-98), , experiments on animal 

electricity, 32-9 t , oo n 

alvani’s contraction vnthout metals, 38-9 
alvanism, 33 
alvanomoter, string, 33-4 
ametes, formation of, 802-4 
ANGLION (ganglia), basal, .622, 637 
> function of, 695 
voluntary movement and, 6/ J-y/ 

Bidder’s, 150 
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GAKGMOS. 

Ganglion — continued 
cervical, 77, 14S-9 
cilia IT, 81 
coccygeal, 77 
cceliac (solar), 77, 79-80 
collateral (pre vertebral), 77 
geniculate, 711 
lateral chain, 77 
embryonic, 84 
mesenteric, 177 
of Scarpa, 609 
otic, 82 
Beroaf s, 153 
Epheno-palatine, 82 
spinal, 582 
spiral, 721, 726 
stellate, 77, 148 
sublingual, 82 
submaxillary, 82 
sympathetic, choline of, 67 
' impulses in, 159 
terminal, 83 
thoracic, 148 

6as(es), analysis, principles of, 209-11 
blood, estimation of, 213-16 
quantity and tension of, 218 
coefficients of solubility, 212 
Dalton-Henry Law, 213 
exchange of, in the heart, 122-3 
excliange mechanism in the lung, 226 el seg. 
Gay-Lussac’s law, 298 
in intestines, from bacterial action, 447 
on peristalsis, 455 
inert, on nerve conduction, 64 
interchange in the tissues, 248 
partial pressure, 213 
solution of, in water, 212-13 
tension of, in fluids, 216 
total gaseous exchange, 253 
total pressure, 213 
Gasping, after section of pons, 228-9 
Gastric acidity, limitation of, 417-18 
Gastric contents, important data, 845 
GASXKIC JUICE, 414-22 
blood-forming and neuro-poietic factors, 410-17 
composition, 414-15 
invertase of, 305 
on protein, 439 
on ptyalin, 412 
rennet of, 306 

secretion of, during tetany, 168 
insulin on, 476 
histamine on, 793 
mechanism of, 420-4 
variations in, 418 
Gastrin, 422 

Gastrocnemius, in nerve-muscle preparation, 20 
Gay-Lussac's law for gases, 298 
" (lei ” and " sol,” 303, 318 
Gelatin, amino-acids of, 281, 288, 497 
' digestion, 431 
formation of, 8, 278, 395 
of muscle, 46 
Gelatinoses, 283 

Genitalia, external, parasympathetic supply to, S3 
Gennari, line of, 641 

“ Germ-centre ” of lymphatic glands, 332 
Gigantism, 785-6 
Gills, cilia of, 7 
Gin, on lymph flow, 192 
6LAKI)(S), adrenal, 775-83 
cholesterol of, 274 
emhiyonie, 84 

formation of adrenaline, 286 
In hyperglycsemia, 482 
on sodium chloride retention, 550 
on selective absorption of glucose, 439 
alimentary, control of,- 83-4 


GlOSSO-KntiESTirETIC Aeea. 

Glands — continued 
apocrine, 563 
Bowman’s, 713 

Brunner’s, 327, 401, 402, 416, 425 
cardiac, 424 
ciliary, 732 
Cowper’s, 807 

ductless (endocrine), 775-92, 831 
adaptations furnished by, 697 
Ebner’s, 710 
eccrine, 563 
epithelium of, 6 
fundus, of stomach, 415, 424-5 
gastric, 401 

• intra-cellular canalicuii, 504 
parasympathetic supply to, 82 
hmmal, 185 
lachrymal, 730 
lymphatic, 187 el teg. 

“ germ centre,” 332 
removal of spleen on, 185 
mammary, 270, 393-4 
in pregnancy, 816 
lactation, 811, 814 
Meibomian, 730 

mucous, of alimentary canal, 401-2 
of bronchial tree, 19S 
oxygen pressure in, 249 
pancreatic, 82 
parathyroid, 374, 553-4 
on gastric secretion, 422 
sinusoids of, 93 
parotid, 40S, 410 

pineal, 792 ■ ' 

prostatic, 798, 807 
pyloric, 425 
salivary, 402, 403-11 
intra-cellular canalicuii, 504 
vasodilator nerves to, 163 
sebaceous, 564-5 

secretoiy, nerve supply to, 81, 82 
secretions of, formation of, 193 
of alimentary canai, 401 
sublingual, 408, 410 
submaxillary, 408-10 
oxidation, 250, 251 
sweat, 563-4 
adrenaline on, 779 
nerve fibres to, 77 
psychogalvanic reflex, 171 
sympathetic on, 84 
thjTnns, 791-2 

thjToid, 286, 354-7, 697, 783, 831 
control of activity of, S57 
extract, metabolic stimulant, 359 
standardised. 356 
on blood sugar, 4S3 
on lieart rate, 148 
on rigor mortis, 45 
vascularity of, 94 
velocity of nerve imfmlso to, 6S 
Glaucoma, 738 
GUadin, .a protein, 276 
.amino-acids of, 2SS, 497 
of flour, 395 
solubility of, 280 n. 

Glisson’s capsule, 503, 504 
Globin, protein of h.-emoglohin, 277, 335-0 
GLOBULIN’S, 270, 277-S 
coagulation of, 280, 284 
colour reactions, 284 
of pl.asma, 319-20 
precipibation of, 284 
salting out, 277, 282 
Globuloscs, 2SS 

Glomenill, of kidney, 514, 610. 517-18 
olfactory, 714 

Glosso-ldnicsthetic area, 702 
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Giuco-Pkoteins. 


Hemogiobut. 


Gluco-proteins, 276, 279 
Glucosazone, 267 

GLUCOSE (dextrose, grape sugar), 262, 263 et sea., 
' ■ 266, 267 > a . 

absorption of, 438, 445 
adrenals on, 439, 868 
blood sugar. See Blood sugar 
breakdown of, in exercise, 193 
calorific value, 348 
chemistry of, 263, 288 
constant, in body, 654 
conversion to glycogen, 402 
current carbohydrate of body, 472-84 
essential constituents of, 9 
excretion by skin, 566 
fate of, 472 

formation of, 269, 305, 438, 791 
in blood, 299-300 
in cerebro-spinal fluid, 699 
in foetal nutrition, 827 
in muscle tissue, 46 
in urine, 641 
liver efliciency and, 438 
mobilization of, 480-3, 779 
sjTnpathetlc control of, 83 
on consciousness, 672-3 
on gastric secretion, 421-2 
on heart action, 124-5 
on metabolism, 365 
on respiratory quotient, 254 
permeability of cells to, 299-300 
reabsorption in tubules, 519 
Glucuronates, 265, 512 
in urine, 541 

Glutamine, detoxication by, 513 
Glutathione, 252 
Gluten, 395 
Glutenins, 276, 395 
Glycerides, 305 

Glycerol (glycerine), 265, 271-2 
absorption of, 441-2 - 
on nerve and muscle, 16 , 

Glycerophosphate, 553 
Glycerose (glyceric aldehyde), 272 
Glyceryls, 271 

GLYCINE (glycocoll), chemistry of, 284, 289, 535-6 
detoxication by, 512 
fate of, 493 
formation of, 278, 285 
in oxidation of fats, 487 
in protein synthesis, 497-8 
in urine, 543 
kidney on, 521 
on creatine excretion, 533 
percentage in cleavage products of various 
proteins, 288 
source of bile salts, 506 
Glycocholate of sodium, 506 
Glycogen (animal starch), 269-70 
breakdown of, 269, 481, 554 
chemistry of) 265 

formation and fate of, in metabolism of carbo- 
hydrates, 473-5 
in muscle, 46, 269 
in muscle contraction, 39-42 
in rigor mortis, 45 
in starvation, 499 

of auriculo-ventricular bundle, 109, 269 
■of embryonic tissues, 269 
of liver, 269 - 

of white blood corpuscles, 269 
origin of, 262, 473-5 
ptyalin on, 412 
storage, 269 
total reserve, 481 
Glycogenase, 269 
GlycogenesiSj 473-5 


Glycogenolysis (mobilisation of glucose);' 480-3 
Glyco-proteins, 416 
Glycosuria, 476, 480 
Glycyl-glycine, 289 
Glycyl-leucine, 289 
Gmelin’s test, 507, 542 
Goitre, exophthalmic, 355 
body temperatmre in, 672 
Goitre, simple, 356 
Golgi, tendon organs of, 647 
Goll’s tract, 627 

Gonads, pituitary control of, 812-13 
Gonadotropic hormone, 788 
Gowers’ spino-cerebellar tract, 627, 691 
Gramme-molecular solutions, 294 
“ Granny’s tartan,” 179 
Granules, of secreting cells, 407 
olfactory, 714 
Granulocytes, 330 
Granulose, 269 
Grape sugar. See Glucose 
“ Gravel,” in urine, 539 
Gravity, effect of, on circulation, 172-4 
Grey matter, 577-8, 622, 685 
chemistry of, 57 

GROWTH AND REPAIR, 830-42 
calcium on, 373 
essential amino-acids, 497 
hormone, 788 
milk on (diagram), 377 
parathyroid on, 553 
Ribdflavine on, 385 
relation of thyroid to, 355-6 
•vitamins on, 378, 379, 386 
Guaiacum, oxidation of, 251-2 
Guanase, 495 
Guanine, 280, 495 
Guanidine, 492, 553 


H 

H (liistamine-like) substance of Lewis, 793 
production of, in sliingles, 65 
Habit, 621 
Hsem, 335, 836 
Hsemacytometer, 325 
Hjematin, 336 
Hsematocrit, 318 ' 

Hsematogens, 279 
Hfematoporphyrin, 337 
Hfematoidin, 338 . 

Hsematoporphyrin, 528 
H'Eemautograph, 139 
Heemin, 336 

H®mochromes=Blood pigments, q.v. 
Hjemochromogen,.253, 336 
Hsemocyanin, 335, 376 
Hsemodynamometer, 132 
H.SaiOGLOBIN, 277, 335 et seq. 
a chromo-protein, 279 
and general oxygen-want, 255 
buffer substance, 559 
compounds of, 339-42 
content of, in blood, 216, 324 
crystaUisable, 280 
deoxygenated, 90 
dextro-rotatory protein, 281 
estimation of, 326 
in carbon monoxide poisoning, 261 
increased at high altitudes, 258 
iron in, 375 . 

lack of, on respiration during exercise, 239 
of arterial blood, 178 
of muscle, 15, 46 
origin of, 341-2 
peroxidase-like action of, 252 
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HaiMOGIOBIIf. 

HcDmoglobin — continued 
properties of, 340-1 
reduced, 219 

reduction of, in tissues, 223 
standards, 326 

transport of oxygen by, 219, 226 
HEemoglobinometer, 326 
Ha:moglobinuria, 542 
Hamolysins, 343-4, 345 
Hremolysis, 323, 344-5 
Hasmopyrrol, 338 

H^MORKHAGE, and lymph, 194 
blood depots and tissue fluid in, 186 
at parturition, 828 
cerebral, 603, 698 
from straining at stool, 176 
on respiration, 238 
from cut artery, 95, 96 
from fractured skull, 177-8 
from surface of brain, 636 
internal, pallor during, 159 
on blood-pressure, renal vessels, kidney volume, 
urinary flow, 518 
on body temperature, 572-3 
on circulation, 174-5 
on red blood corpuscles, 324 
on skin vessels, 178 
replacement of lost blood, 346 
Haemorrhoids, bleeding, 327 
Haemosiderin, 328 
Hairs, 566 
adrenaline on, 779 
as organs of touch, 646 
in stan’ation, 500 
nerve-flbres to; 77 

of labyrinth, 607 ' 

sympathetic supply to, 81, 84 
Haldane Gas Analysis apparatus, 210-11, 213 
Hales, Stephen (1677-1761), experiments on blood- 
pressure, 131-2 
Halogens, 272-3 
Hamulus, 719 

Hand, nervous connections of skin of, 650 
Harvey, "William (1578-1657), 95-8 
Hassall’s concentric corpuscles, 791 
Hausmann’s method of protein analysis, 289 
Haversian canals, 834 et $eq. 

Hay’s sulphur test for bile salts, 542 
Head, sympathetic supply to, 81 
HEAUIHG, 716-29 
auditory cortical area, 641 
physiology of, 722-4 
range and efBciency of, 727-9 
HEART, 87-9, 95-8, 99-127 
absence of fatigue, 62 
acetyl-choline on, 65 
adaptation to high altitudes, 258 
adrenaline on, 67 
afferent fibres from, 85 
arrest in chloroform anresthesia, 157 
asphyxia on, 246 

auricle, right, blood-pressure on sympathetic 
activity, 151-2 

and vasocontrictor centre, 158 
auriculo-vcntricular bundle (of His), 108, 269 
Bainbridge (right auricular), reflex, 170 
-beat, at apex, 105 
blood-pressure between beats, 130 
cause of, 106 
missed, 110-11 

volume of blood pumped, 130-1 
• -block, 109, 154 ' 
cardio-accelerator centre, 150-1 
cardiographs, 105-6 
changes during exercise, 169-70 
control of circulation by, 148 
cycle of, 99-100 
coefficient of oxidation, 251 


Heat. 

Heart — continued 

compensatoiy pause, 110 
conduction in, 106-9 
currents of action, 34 
deprivation of sodium, 550 
description of, 87-9 
disease of, oedema in, 190 
on respiration, 256 
on vital capacity, 205 
drugs on, 156 
efficiency of, 120 
cardio-inhibltory reflex on, 155 . 
maximum, 122 
on venous pressure, 146 
response to posture, 181 
cndocardiac pressure, 101 
excised, mammalian, 124-5 
fcetal, 88, 825-6 
rhythm of, 106 
sinus of, 98, 108 
frequency of action, 115-16 
function of, 9-10 
hypertrophied muscle, 121 ' 

important data, 844 
in course of circulation, 89-90 
in starvation, 500 
intra-auricular pressure, 103 
ligatured veins on, 95 

'lung preparation, to measure output of heart, 
116, 175 
muscle, 47-51 
histology of, 109 
nutrition of, 123-6 
output of, 9, 116-21 
and blood depOts, 186 
cold on, 178 
exercise on, 169 
summary of influences on, 180 
training on, 172 
parasympathetic supply to, 82 
physiology of, 99-127 
range of activity and autonomic, 83 
-RATE, 115-16 . 

accelerated, on depressor and vagal reflexes, 
166 

average, 99 

control of, 83, 148, 156-7 
exercise, and training on, 170-1, 172 . 
gravity on, 172-3 
hajmorrhage on, 175 
hyperthyroidism on, 355 
hypothjToidism on, 354 
on output, 118-19 
on oxygen consumption, 123 
posture on, 173 
response to increased load, 32 
reserve of, 120 
rhytlimicality, 47, 106 
sino-auricular node (pace-maker), 108 
sounds, 104-5 

sympathetic fibres to, 148-9 

sympatlun on, 67 " 

terminal ganglia of, 83 

vagus on, 65, 153-6 

valves and filling, 100-1 

ventricle, left, volume of blood forced out at 
each beat, 130 
-wave, propagation of, 109 
work and gaseous exchanges of, 122-3 
HEAT BALANCE, 572-3 
coagulation, 280, 282 
loss, 569-70 

of muscle contraction, 32, 40, 42-4 
of nerv'e activity, 65 
on involuntary muscle, 49 
on mixed nerve, 63 
production, 568-9 
and discharge (table), 35 
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Heat. 

Heat — continued, 
production by protein, 364 
' rigor, 23 
spots, C4S-50 
stroke, 670 

" Heat ” (oBstrus), SOS 
Helieotrema, 719 
Helmlioltz’s pliakoscope, 744 
tlieory of liearing, 725 
Hemianopsia, 640 
Hemiplegia, 0S2 
Homisplieres, cerebral, 622 
Henle, loop and tubules of, 514-16 
Hcnry-Dalton law for partial pressure of gases, 298 
Heusen’s line, 13 
Hepatic. See Liver 

Heparin on blood-clotting, 310, 317-18, 500 

Hering-Breuer reflex, 232-3, 234 

Heredity, and conditioned reflexes, 621 

Herpes zoster (shingles), 6,5 

Hexone bases, 287 

Hexoses, 205, 494 

Hexosephospliate, 40, 475, 553 

Hexyl alcohol, 271 

Hiccough, 240 

Highmore, body of, 797 

Hiius, of lymphatic gland, 190 

Hjppuratcs, 535 

His, bundle of (auriculo-ventricular bundle), 103 
Histamlnasc, 793 
absent from skin, 144 

HISTAMIHE ((S-imidazolyl-cthylaminc), 793-4 
adreniiliiie on, 7S1 
adrenals’ and, 7S2 
in asphyxia, 247-S 
in blood from tetanised limb, lOS 
in gastric secretion, 421, 422, 424 
liberated by vasodilator nerves, 104 
on blood-pressure, -140 
on capillaries, 144 
on lymph flow, 192 
on peripheral resistance, 129 
on succus cntcricus, 433 
origin of, 287, 447-8 
Histamine shock, 108 

Histamine-like substance in triple response, 179 
Histidine, an essential amino-acid, 448, 497, 793 
importance of, 287 
production of, 781 
recognition of, 440 
Histones, 270, 277, 431, 433 
Histiocytes, 8 
Histology, scope of, 1, 5 
Holmgren’s wool test, 700 
Homeostasis, 547-55 
Homoiothermal animals, 507 
HORMONES, adrenal, 148 
constant, 555 
definition of, 775 
from essential amino-acids, 497 
follicle-stimulating, 812 
luteinising, 812 
of pituitary, 788-9 
sex, 273 
suprarenal, 84 
thyroid, 148 
Humidity on fatigue, 74 
Humoral substances, 793-5 
Humours, aqueous-and vitreous, 732 
Hunger, 365, 554, 067-8 
Hydrobilirubin, 507 
Hyaiine cartilage, 831, 835 
' Hyaloplasm, 14 
Hydrocele fluid, 319 
Hydrogen, 9, 39-42, 252 ei passim 
Hydro GEN-ION concentration (pH), 556-7 
acid-base, equilibrium, 556-61 


iNincTroKs. 

Hydrogen-ion concentration— coafinaed 
determination of, 557 
of blood, 222, 557, 558-9, 844 
at high altitudes, 258 
exercise on, 42 
of body fluids, 561 
optimum, of enzyme action, 308 
of gastric juice, 417 
respiratory stimulus on, 231 
Hydrogenation of fats, 273 
HYDROLYSIS, by enzymes, 304 ci sc? 
equilibrium point, 302 
in fat absorption, 441 
inversion, 266 

law of mass action, 301 cl seq. 
of bile acfds, 506 
of cane sugar, 266 
of globulins and albumins, 278 
of glycogen, 269 
of lactose, 268 
of ossification, 841 
of proteins, 282-4 
of starch, 269 
of sucrose, 267 
Hydrotrophy, 445 
of amino-acids, 440, 442 
Hydroxyl, 262, 289 
Hsrperresthesia, 658 
Hyperalgesia, 666 
Hyperchlorhydria, 417 
Hyperglycfemia, 480, 779 
nervous mechanism in, 482 
Hypermetropia, 749 
Hyperpneea, 254 
of asphjTvia, 246 

Hypersensitivity, to proteins, 440 
Hyperthyroidism, 354-5 
heart-rate in, 119 
hjT)erglyc£Bmia of, 483 
Hypertonic solutions, 297 
Hypobromite method of estimating urea, 544 
Hypoglycjemia, 477-8 
on rigor mortis, 45 
unconsciousness in, 673 
Hypothalamus, functions of, 694-5 
heat-regulating centre, 571 
relation to pituitary, 787-8 
stimulation of, on heart, 151 
voluntary movement and, 679-97 
Hypothenm'a, 573 
Hjqiothyroidism, 354 
Hypotonic solutions, 297 
Hypoxanthine, 46, 321, 495-6 
Hysteria, 665 


I 


cterus index, 508, 511 
llusion, 664, 773-4 
mmunity, 346 
ncus, 716 

ndex of refraction, 740 
ndican, 512, 537 
ndigestion, 457 
ndole, 286, 447, 511, 512, j 37 
ndophenol oxidase, 253 
ndoxyl, 511, 512 ^ 

ndoxyl-sulphate, o37 „„ 

nfantile paralysis, absence of reflexes, 596 
degeneration of nerves in, 69 ^ 

mechanical artificial respiration for, ^-.l 
nfantilism, Lorain-Levi, 78o, <86 ■ 

nfections, deficiency of phosphorus after, 554 
function of lymph in, 193 
on hiemoglobin, 342 
on white blood-corpuscles, 329 
precipitation of calcium in, 55i 
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Inference Method. 

Inference method, to detennine tension of gases In 
blood, 217 

Inflammation, of serous membranes, 667 
on red corpuscles, 322 - 
on skin vessels, 178 
vasodilation from, 192 
Influenza, debility after, 174 
on white blood-corpuscles, 329 
Infundibulum, of bronchial tree, 199 
INHIBITION, 615-17 
central, 615 

conditioned and differential, 619 
external, of conditioned reflex, 618 
internal, 619 
of nerve, 61-2 
of reflex, 589-90 
peripheral, 615 
theory of sleep, 674-5 
Initial heat, of muscle contraction, 44 
Injup^, on excitability of muscle, 69 
Inositol (inosite), 46, 270 
Insects : muscle fibres of wings, 12-13 
Inspiration, 200 et seq. 
blood-pressure during, 132 
centre, 228 
first, 236-7 
hsemorrhage on, 175 

on abdominal and intrathoracic pressure, 169 
INSULIN, and himger, 668 
and pituitrin, 791 
counteracted by adrenaline, 779 
essential for storage of glycogen, 473 
hormones resistant to, 789 
Islets of Langerhans, 426 
on blood phosphorus, 554 
on blood sugar, 481 
on consciousness, 673 
on gastric secretion, 421-2 
origin of, 364 

preparatlODj standardisation, and nature of 
action of, 476-8 
Intellect, frontal lobe and, 642 
Intestinal gradient, 460 
juice, 305 

INTESTINES, bacterial action in, 446-8 
blood dep6t, 184 

blood vessels of, adrenaline on, 777-8 
digestion in, 426-34 
hsemorrhage on vessels of, 174 
in starvation, 500 
isolated, study of, 467-9 
large, absorption of water in, 437 
functions of, 445-6 
movements of, 460-2 
muscle response to increased load, 32 
small, absorption of food in, 437-45 
movements of, 459-60 
mucous membrane and viUi of, 399 
on gastric secretion, 423 
parasympathetic supply to, 82 
stretching by purgatives, 48 
sympathetic supply to, 81 
terminal ganglia of, 83 
Inulin, 265i 268 
Inversion, hydrolysis, 266 
of sucrose in alimentary canal, 267 
Invertase (sucrase), hydrolysis by, 266, 433 
inversion of cane sugar by, 433, 438, 472 
of intestinal juice, 266, 305 
of yeast cells, 266 
Invertose, 305 
of yeast cells, 305 
Iodides, on urine, 542 
IODINE, administration of, 356 
absorption of, 373 
essential for growth, 831 
excretion by skin, 566 


Kednets 

Iodine — continued. 

importance of, in the diet, 356-7, 376 
value, o£ fats, 273 
Ions, 291 et teq. 

Iris, 732, 733 
functions of, 752 
mON, absorption of, 375 
deficiency of, in milk, 392 
essential for growth, 831 
excretion of, 375, 510 
in diet, 324, 327-8, 375 
in pregnancy, 816 
of chlorocruorin, 335 
of hocmoglobin, 341-2 
of placenta, 823 
of spleen, 185 

peroxidase action of ferrous salts, 252 
Irradiation, In cliromatic aberration, 750 
Irritation, mechanical, vasodilatation from, 192 
of skin, on vessels, 178 
Ischsemia of cardiac muscle, 656 
Islets of Langerhans, 476-8 
Iso-agglutinogen, 343 n. 

Iso-electric point, 293 
Isoleucine, 497 

Isometric and istonic muscles, 29-30, 31 
Isometric phase (cardiac cycle), 102 
Isosmotic substances, 297 
Isotonic response,- of unstria ted muscle, 48 
Isotonic solutions, 297 


J 


Jacksonian epilepsy, 636 
JAUNDTUB- Sna.- 
'■"ttCiloluric, blood-corpuscles in, 323 
bile in urine, 542 
Jerks, elicitation of, 594-5 
Joint sense, 660-661 

Joints concerned in posture and equilibrium, 005 


K 

Karyokinesis, 332 
Katabolism, 470 
Kata-thermometer, 74-5, 570 
Katelectrotonus, 69 
Kat-ions; 292 
Kephalin, 275 
of nerve tissue, 57 
Keratin, a sclero-protein, 278 
amino-acids of, 288 
" formation of, 562 
sulphur of, 564 
Kcto-bodies, 263, 488-9 
Ketones, 263 
Ketoses, 263, 272 
Ketosis, 483, 488-9 
Kidneys, 514-24 
amino-acids in, 490 
ammonia formed in, 532 
cholesterol of, 274 
control of renal_sccretion, 521-2 
deaminisation of S-amino acids, 493 
deneivatcd, 518 

elaboration of new substances by, 521 
endogenous metabolism and, 491 
cnzjTiies of, 305, 432 
excretion by, exercise on, 225 
of acid phosphate, 223 
of alkali, 258-9 

of base, at high altitudes, 225 
of COj and lactate, 225 
of disaccharidcs, 439 
of excess fluid from circulation, 104 
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Kidneys. 

Kidneys — continued 
excretion of insulin, 476 
of monosaccharides, 472 
extirpation, 521 
functions of, 516-17 
in dropsy, 191 
in glycosuria, 480 
in starvation, 499, 500 
nerves of, 521-2 

neutralisation of acid products, 493 
oedema in disease of, 190, 301 
phloridzin on, 480 
pituitrin on, 789-90 
renal circulation, 90 
renal eflaciency, 523-4 
renal tlireshold, 480 
" stones ” in, 539 
tubules of, 514-16 
epithelium of, 6 
Kidney volume, diet on, 532 
Kinases, 306 

Kjeldaid’s method of nitrogen estimation, 289. 544 
KNEE-JERK, 594, 596-6 
central inhibition, 615 
puiTuVnimr, mr cmmuiKrr disease, dW 
Krause’s membrane (Dobie’s line), 13 
Kymograph, 132 


L 


Labour pains, 827 
Labyrinths. 718-19 

concerned in posture and equilibrium, 606-7 
Lachrymal sac, 730 
Lact-albumin, 277, 391, 393 
Lactase, enzyme of succus ontericus, 433, 438 
hydrolysis of lactose by, 305, 472 
secretion by pancreas,- 431 
Lactates, 225, 254. See also Acid, lactic 
Lactation, 811, 814-16 
calcium loss during, 552-3 
Lacteiils, definition, 187 
description, 402 
in absorption of fat, 441 
Lactogenic hormone, 788 
Lactosazone, 267 
LACTOSE (milk sugar), 267-8 
chemistry of, 264-5 
formation during lactation, 474 
hydrolysis of, 305, 306, 433, 438, 472 
in urine, 267, 541 
Lacunse, of bone, 833-4 
Laevulose. See Eructose 
LameUaj, of bone, 834 et seQ. 

Lamina cribrosa, 734 
Lauuna, spiral, 719 
Langerhans, Islets of, 426, 476-8 
Lanolin (wool-fat), 274 
Laryngismus stridulus (croup), 240 
Laryngoscope, 705 et seq. 

LARYNX, 197, 704-9 
efiect of blow on, 155 
in expiration, 202 
motor area, 636 

movements of, in swallowing, 452 ^ 

Law, Fechner’s interpretation of Weber s, 652 
logarithmic, of enzyme action, 307 
Marey’s, 155 

Muller’s, of specific nerve energies, 652 
of Arrhenius, and enzyme action, 308 
of fluid pressure, 128-9 
of gases (Dalton-Henry), 213 
of mass action, 301-2 
Starling’s, of the heart, 117 
Weber’s ,652 

Layers, primary, of cerebral cortex, 625 et seq. 
retinal, 734-7 ' 


Liver. 


Etod poisoning, 323 

4-ECITHINS (phosphatides), general composition 
and properties, 275 
metabolism of, 484-6 
of eggs, 374, 394 
of lymph, 442 
of milk, 392 
of nerve, 57 
of spleen, 185 
R^cithinases, 305 

L^ech extract, on blood clotting, 316 
on lymph flow, 192 

Leeuwenhoek, observations on circulation, 96 
Lens, crystalline, 732, 738 
accommodation, 743-7 
distance to cornea and retina, 740 
index of refraction, 740 
radii of curvature, 740 
Lentils, constituents of, 396 
Leptocephalus, 311 n. 

Leucine, an essential amino-acid, 497 
chemistry of, 285, 286, 289, 447 
in urin^ 639, 543 
of certain proteins (table), 288 
of pancreatic juice, 427 
nroduction of, 432, 493 

LiiUCOCYTES, 329-33. See also White blood 
corpuscles 

amoeboid movements, 333 
in fat absorption, 443 
polymorphonuclear, 329, 332 
transitional, 330, 332 
transport of fat by, 485 
Lqucooytosis, 332 
Leucyl-alanine, 289 
Lqucyl-glycyl-alanine, 289 
Levator palpebrse superioris, 730 
L^ver systems, of bones, muscles, tendons, 28-9 
Lieberkiihn, crypts of, 402, 431 
Life, amino-acids essential for, 497 
.tripod of, 3 et seq. 

Ligaments, spiral, 719 
.vascularity of, 94 
Ligamentum nuchse, 8 
Light, on pupil, 753 
on retina, 755-8 
spectrum, 763 

.ultra-violet, on enzymes, 310 
Linking, in conditioned reflex, 618 
Lipase, enzyme of pancreatic and gastric juice.s, 
272, 275, 305, 309, 416, 427, 428 
estimation of activity, 435 
main function of, 442 
on fat absorption; 443 
LlpiDES, compound. See Lipins 
of nerve, 64 
of spleen, 185 
utilisation of, 485 
.simple. See Fats 
Lipins (compound lipides), 275-6 
Lipoids (obsolete) : see Sterols 
Lipochrome, 392 
Liquids, surface tension, 302 
.swallowing of, 453 • 

Liquor folliculi, 800 
UVER, 502-13 
acute atrophy of, 543 
adrenaline destroyed in, 780 
amino-acids in, 490 , 
blood dep6t, 182, 184 
blood formation, 327 
cholesterol of, 274 
copper in, 376 
enzymes of, 306 
extirpation of, 505 
fat, 486 
foetal, 327, 823 
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Liver. 

Liver — continued, ■ 

formation of creatine by, 534 
formation of fat, 474 
functions of, 505-6 
test for, 511 
glands of, 402 
glycogen of, 209, 473 el eeq. 
in diabetes meliitis, 483 
in formation of fat, 474 
in glycogenolj'sis, 480-'3 
in pernicious ansemia, 417 
in stan'ation, 499, 500 
intemai secretion, 473 
isolated, perfused, 487-8 
ketosis and, 488-9 
lecithin of, 275 

lymph and lymphatics, 194, 195 
cedema in disease of, 190 
resj-nthesis of glycogen, 40, 42 
size and activity of, 363 
storage of fat, 485-6 
storage of glycogen, 473-4 
urea formation, 493 
Living test-tube experiment, 319 
Living things, structure and characteristics, of 3 
Load, on efficiency of muscle, 30-32 
on muscle contraction, 23 
Lobes, of brain, 623 
of lung, 198 
Lobules of liver, 502-4 
of lung, 198 

Local sign, in reflexes, 589 
Locke’s solution, 125 
Lockjaw, 612 

Locomotor ataxy (Tabes), 594, 596, 605, 684 
absence of Ught reflex in, 771 
Logarithmic law of enzyme action, 307 
Lorain-Levi infantilism, 785, 786 
Loudness, 708, 728-9 

Ludwig, Carl, experiments on blood-pressure, 
132 

LUNGS, 197-9 
alveoli, epithelium of, 5 
blood depot, 182 

blood vessels, nervous control of, 245 
function of, 9-10 

gaseous exchanges, 224-5, 226 el seg. 
in course of circulation, 90 
in starvation, 500 
movements of, 200 et seg. 
tension of COj in, 227-8 
total ventilation, 208 
Luschka, foramina of, 699 
Luteal phase of oestrus cycle, 809 
Lutkens’s sphincter, 509 
LYMPH, 187-96 
composition of, 195 
filtration and reabsorption, 519 
-flow, 194 
formation of, 190 
function of, 193 
lubrication by, 5 

in gaseous interchange in tissues, 248 
of pericardium, 121 
-path, 189 

relation to blood, 194-5 
renewal of, 195 
secretion and, 404-7 
specific gravity, 195 
Lymphatic system, 187-96 
Lymphatics, 187 et seg. 

phagocytic function of, 193-4 
Lymphocytes, 8, 185, 195, 330, 332 
Lysine, an essential amino-acid, 497 
chemistry of, 287 
formation of cadaverine from, 543 
growth and, 831 


MedhiiLA obeonoata. 

M 


Macrophages, 56, 328 
Macrosmatic animals, 714 

Macula lutea (yellow spot), 733, 734, 737, 759, 762 
representation in cortex, 640, 769 
Magendie, discoverer of functions of spinal roots, 
582-3 

Magendie, foramen of, 699 
MAfJNESIUM, co-enzyme for phosphatase, 300 
in diet, 376 
in faeces, 446, 448 
-in urine, 446, 530, 554 
of milk, 392 

present in all tissues and body fluids, 376 
Malaria, body-temperature in, 573 
on monocytes, 330 
spleen in, 185 
Malleus, 716, 723 

Malpiglii, Marcello (1628-94),' observations on 
capillaries, 96 
Malt sugar. See Maltose 
Maltase, hydrolysis of maltose, 305, 438 
reversibility of action, 309 
of pancreatic juice, 428 
of succus entericus, 433 
Maltosazone, 207 
Mammary gland, 273, 393, 814 
MALTOSE (malt sugar), 205 
chemist^ of, 205, 412 
description of, 208 ' 

end-product of starcii, 209 
- hydrolysis of, 305, 300, 433, 472 
saliva on, 412 
Slangancse, in diet, 370 
Mannitol, 203, 288 • 

Manometers, 101-2, 128-9 
Man-values, for caloric requirements, 30C 
Marclu’s osmic aeid metliod, 58, 579 
Marey’s tambour, 202-3 
Margarine, 273 
Mariotte’s experiment, 753 
MAEKOW, red, activity at high altitudes, 258 
blood formation in, 327 
hypertrophy attcr removal of spleen, 185 
polymorphs developed in, 332 
red and yellow, 833 
fat of, 270 

yellow, activity after prolonged Iiremorrliage, 
174. 327 

Mass action, law of, 301-2 
Mass peristalsis, 401 
Mastication, 451-2 
on blood Dow, 101 
Maturation of ovum, 804 
Maxwell’s macliine, 753 - 
“ Meal,” test, fractional, 419 
Meat, 394-5 

biological value of, 342, 501 
'extracts, on gastric secretion,- 422 
in a dietary, 305 
on bile, 510 
on faces, 449 
on gastric juice, 418 
vitamins of, 389 
Meatus, external auditorv, 710 
Medicine, function of, 2 
Medulla, adrenal, 770-82 ' 

Medulla, of Ijunphatlc glands, 189 
Medulla oblongata (bulb), 574 
effect of foreign body nc.ar, 177 
parasympathetic fibres from, 82 
stimulation of, on lieart, 151 
vasoconstrictor centre, 158 
vasomotor changes in, in production of Cheyne- 
Stokes respiration. 238 
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Meqaloblasts. 

Mcgaloblasts, 327 
Melanin, 280, 666, 755 
Membrana granulosa, of ovary, 799-800 
Membrana limitans externa, 735, 737 
Membrana limitans interna, 734 
Membrana tectoria, 721 
Membrana tympani, 716, 722-4 
MEMBRANES, basilar, 719 

and appreciation of sound, 724 et seg. 
flbro-elastic, of trachea and bronchi, 197-8 
foetal, decidua and, 820-5 
rupture of, 828 
hyaloid, 738 

mucous, of alimentary canal, 399, 401 
of larynx, 705 
vascularity of, 94 
of Bruch, 737 
of pulmonary lobules, 198 
of Reissner, 720 
ossification in, 830-7 
plasmatic, of cells, 303 
semi-permeable, 295 
serous, of pleura, 198 
vitelline, 802 
Menifere’s disease, 610 
Meningitis, 701 
Menopause (climacteric), 818 
on mammary glands, 814 
Sfenstruatlon, 327, 808, 816-18 
Mental activity, on blood depots, 186 
on blood-vessels, 136, 169 
on circulation. 171 
on sympathetic activity, 152 
on vasoconstrictor centre, 159 
Mental stress, on blood volume, 314 
Menthol, on cutaneous sensibility, 049, 059 
Mercurj’’, excretion by skin, 566 
salts, reduced by glucose, 266 
Mesoderm, 327 
Metabolic hormones, 788-9 
Metabolic rate, 352-4 
control by ductless glands, 354 et seg. 
starvation on, 499-500 
METABOLISM, 347-60, 470-501 
adrenaline on, 779 
at menopause, 808 
basal, 352-4 

starvation on, 499 
carbohydrate, 472-84 
pituitrin on, 791 
definition, 4, 10 
endogenous, 491 

creatinine produced by, 533-4 
exogenous, 491 
fat, 484-9 
foetal, 823 

general, and energy exchanges, 347-60 

heat in, 44 

in contracture, 26 

in heart tissue, 122 

in nerve, 64 

in pregnancy, 816 

in small and large animals, lib 

intermediate, 470-501 

liver functions in, 505 

methods of studying, 349 et seg. 

nitrogenous, spleen in, 185 

protein, 490-8 

purine, 493-6 ^ ^ 

specific dynamic action of proteins, 364-5 
thyroid on, 354-7 
Metaproteins, 283, 427, 439 
Methsemalbumin, 336, 339, 340-1 
Methionine, 287, 497 
Methyl alcohol, 271 
Methyl-glycerol, 272 
Methyl-glycine = Sarcosine g.v. 


Muilee’s Law. 

Methyl indole, 286 
Methyl mercaptan, 536 n. 

Methylene blue, in study of living tissues, 252 
Mett s method, of estimating proteolytic activity, 

Meyer-Overton theory of narcotic effects, 300 
Micrococcus urece, 531, 533, 540 
jMicro-gas analysis, 211 
Microphages, 328 
Microsmatic animals, 714 
mCTURITION, 524-7, 598 
Alid-brain, 575, 604 
and sleep, 674 
animal, 599 

Midwifery, use of chloroform in, 157 
Midgets, 786 
MILK, 278, 390-4 
adaptation of cow’s for human, 393 
biological value of, 501 
carrier of intestinal infection, 446 
coagulation of, 391-2 
composition of, 391, 845 
-curdling enzyme, 428-9 
fever, 553 

human, production of, 814-16 
iron of, 376 
on gastric acidity, 418 
on growth (diagram), 377 
proteins of, 391, 501 
reaction and specific gravity, 391 
sour, in dyspepsia, 448 
souring of,' 304, 392 
sugar. See Lactose 
uterine, 821, 822 

valueless to repair hEemorrhage, 342 
vitamins of, 378, 380, 382, 393 
MDk-teeth, 450 
Millon’s reagent, 281 
Minerals, body requirements of, 373-6 
of blood-corpuscles, 333 
Mind, mental depressien, 694 
Miners’ cramp, 550 . ' 

Modiolus, 719 

Molecular layers of retina, 734 
“ Monkey gland,” 808 
Monocytes, 330, 332 
Monoacetin, 271 
Monohydric alcohols, 263, 271 
Mononuclears, large, 330 
Mononucleolides, 280 
Monosaccharides, 264-5, 472 
Monro, foramen of, 699 0 

Moore’s test for sugar 
Morphine, excretion of, 541 
on blood CO., 256 

on formation of glycuronic acid, 265 
on sympathetic, 157 
Morula, 820 

Motoneurone pool, 28, 593 
final common path from, 614 
Mountain sickness, 257-8 
Motor unit and moto-neurone pool, 593 
Movement, as sign of life, 4 
motor areas of cerebrum, 632-3, 634-7 
voluntary, 679-97 
Mucin (mucus), 279, 408, 411, 416 
Mucinogen, 408 

Mucinoid substance of bfie, 506 
Mucoids, 279 

Mucus, description of, 416 
in urine, 538, 543 
of alimentary canal, 401-2 
of bile, 509 

ofsaliva, 411 . 

protection against auto-digestion, 410 
Muller’s Law of Specific Nerve Energies, 652-3 
muscle, 732 
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MCtiLek’s Law. 
lluller’s Law — continued 
sustcntacular fibres, 734 
Xfurexide test for uric acid, 535, 539 
Jfurmur, respiratory, 204 
Muscarine, on heart-rate, 156 
MUSCLE(S), 11-51 
acetyl-choline on, 67 
adrenaline on blood-vessels of, 777 
amino-acids in, 490 
analysis of three types (tabulated), 51 
and joint sense, 660-1 
antagom'stic, 590 
reciprocal innervation of, 611-12 
broncmal, 197-8 
innervation of, 82 
cardiac, 12, 50, 51, 110-11 

" All or none ” phenomenon, 110 
connection of all cells, 109 
hypertrophied, 121 
properties of, 110-11 
rtij-thmicity of, 106-8, 110 
re&actory phase, 19, 110 
flutter and fibrillation, 111-12 
staircase phenomenon, 110 
ciliary, 81, 732 
composition of, 46, 470 
concerned in posture and equilibrium, 605 
CONTRAGIION of, 11-15, 20-40 
adrenaline on, 779 
after-loadinf!, 20, 31 
alactacid debt, 41 
'■ All or none ” phenomenon, 23 
anrerobic heat, 40 

beneficial effect of previous action, 23-4, 70 

calcium required for, 126, 551 

changes in form, 20 et seg. 

chemical changes, 39-42, 49 

creatine phosphate in, 39 ei seg, 

current of action, 35 

current of injury, 36 

curve, 21 et seg. 

diphasic and monophasic variation, 36-7 
free weighting, 31 

glycogen, breakdown and recovery of, 39 

heat produced in, 32, 42 et seg. 

heat rigor, 23, 46 

initial heat, 44 

iodoacetic acid on, 39 

Isotonic and isometric investigations, 30 el seg. 

lactic acid in, 39 

latent period, 21-4 

lever systems, 28-9 

load, effect of, 23, 31-2 

maximum tension, 32 

nerve impulse on, 11, 64 

of a whole muscle, 15 

optimum rate, 30-2 

oxidation in, 40, 251-2 

oxygen debt, 41 

phosphorus required for, 39-42, 654 
proper, 22 
recovery, 40 
heat, 44 

refractory phase, 19 
relaxation, 22 
rigor mortis, 44-5, 49 
secondary, 38-9 
staircase effect, 24 

superposition (summation) of stimuli, 23-4 
temperature on, 23, 30 
tetanus, 26, 48 
fatigue in, 28 
lactic acid in, 249 
thermal changes in, 42-4 
twitch, time of, 22 
voluntary, 26-9 
without metals, 33 
work and efliciency of, 29-32 


Myosin. 

Muscles — continued 
co-ordination, maintenance of, 604-12 
mechanisms involved in, 611-13, 687 
creatine saturation, 534 
curari on, 19, 71 
elasticity of, 29 
electrical phenomena of, 32-9 
excitahility (irritability), 18-19 
fat of, 46 
fatigue; 70-5 
adrenaline on, 779 
-fibres, 11 et seg. 
cardiac, 50 

elastic, of epicardium, 121 
in voluntary and tetanic contraction, 28 
of intestine, 194 
of involuntary muscle, 48 
parietal, of pericardium, 121 
gelatin of, 46 

. glycogen of, 39, 269, 473, 474 
histology of, 11 et seg. 
impulses from, 654 
inisotol of, 270 

intercostal, in respiration, 201 
IIIVOLIJNTAB.'S (plain, smootlj, unstriped, un- 
striated), 11, 16, 47-9 
coefiicient of oxidation, 251 
contraction of, 47 ci seg. 

chemical and thermal changes, 49 
histamine on, 793 
nerve crossing in, 60 
of blood-vessels, 91 
of intestinal villus, 194 
of lymphatic glands, 188 
of trachea, 197 
pituitrin on, 790 
laryngeal, in respiration, 202 
mechanical eincienoy, 44 
movement co-ordinated by cerebellum, CS7 
MQller’s, 732 

nutrition after degeneration of nerve, 69 

obicularis, 730 

pain in, 72-4, 050 

-plasma, 40 

papillary, 8S 

posturing, lengthening reaction, 002-3 

respiratory, 201-2 

sensation in, 052-4 

sense, 660-1 

sodium on, 550 

spindles, nerve endings in, 046-7 
starvation on, 500 
stiffness after exercise, 192 
stretching of, on vasodilator mechanism, 163 
tone, and postural reflexes, 593-003 
unaffected by adrenaline, 779 
veins compressed by, 93 
voluntary (striped, skeletal, striated), 11 et seg. 
coefiicient of oxidation, 251 
functions of, 9-30 
red and pale, 15 
work and efliciency of, 29-32 
Muscularis mucos®, 401 
Musculi papillares, contraction of, 100 
Mussel, closure of shell, 49 
Myasthenia gravis, 792 
treatment b.v prostigmine, 00 
Mydriatrics, 752 
Myelin, 58, 028 

Myelin sheaths of nerves, 55, 275 
Myelocj-tes, 332 
Myeloplaxcs, 833 

Myoalbumin, of muscle-plasma, 4G 
Myogenesls, of heart-beat, 106 
Myoglobulln; 46 
Myograph, 20-2 
Mj-opia (sliort-slglit), 748-9 
Myosin, 44, 278 
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Mvosinogen. 


Myosinogen, 46 
Myotlcs, 752 
Myxoedema, 364 
on reaction time, 083 


N 


Nails. 562 

Vitamin B, deficiency on, 383 . 

Narcotics, on colon secretion, 407 . 
on rigor mortis, 45 
on sympathetic, 157 
Near point (vision), 746 
Nephritis, coma in, 673 
Ncpliron, 610, 620 

NERVE (nerves, nervous), accelerator, 83, 234 
accessory (11th cranial), 82 
activity, changes'during, 63-5 
afferent, 52, 151, 168, 109, 054 
anabolic, S3 
aortic depressor, 154 
auditory (8th), COG 
auditory pathways, 720-7 
autonomic, drugs on, 85 
system, 70-80 
axon, 53 

cardiac accelerator, 79, 103 
cells, cortical dcatli of, 098 
deprivation of blood on, 098 
H-ion concentration on, 120 
medicine on, 79 

of extensor and flexor reflexes, 28 
of retina, 733-7 
of spinal cord, death of, 098 
reflex stimulation of, '20 
ccrrical sympathetic, 142, 160 
chemistry of, 57-8 
chorda tympanl, 163 - 
. ciliary, 81 
cochlear, 721 

conduction. See Impulse 
connections of skin of hand, 050 
contracture, 20, 70 
crossing, GO-2 

cutaneous, in inspiration, 237 
degeneration of, 50-7, 09-70 
depressor, 159, 100 
-cells. See Cells 
electric phenomena of, 38 
end-bulbs, 044, 050 
-endings (nen-e-plates), 051 
acetyl-choline at, 20, 150-7 
- concerned with pain, 056 
" flower spray,” 647 
free, 040 
sensory, 644-50 
in muscle, 587 
structure of, 07 
facial (7th cranial), 82 
fatigue, relative absence of, 62 
-fibres, annulo-spiral, 047 
antidromic, 82 
association, 023, 642-3 
basket, 735 
degeneration, 62, 56-7 
description of, 55 ci scff. 

. eiastin of, 278 
growth of new, 68-60 

meduUated and non-medullated, 55, 50, 77 
motor, 77 
nicotine on, 79 

numbers passing to muscle-fibres, 593 
of iris, 752 

of white matter, 577-8. . 
optic, 640-1, 733 et m- 
post-ganglionic, 77 


„ Nervous STS'CBsr. 

jSen'c — continued 
-fibres, pre-gangiionie, 79 
projection, 625 
sacral, 82-3 

EUstentacular, of Jfuller, 734 
symijathetic, course of, liS-9 
on heart rate and output, IcO 
vasoconstrictor, 150-01 
vasodilator, 82, 103-6 
fibrils, Merkel “ colls,” 040 
glossopharyngeal (9th cr.".m;;l), 82, 165 
hypogastric, 77, 81 
on mictnrition, 524 

NBRVE-EMPULSE, 16, 52 et m- 052-0 
adaptation, 653 
afferent, and sympathetic, 8J-5 
antidromic, CIO 
at synapse, 588, 591-2 
constancy of, 61 
direction of, 68-70 
from muscles and skin. 054 
humoral transmission of, 65-7 
nature of, 62-5 
negative w.ave, 63-4 
protopathic, 657 
velocity of, 62, 07-8, 845 
involuntary muscle contraction, 28 
inliibitorj', of parasympathetic, 153 
katabolic, 83 
meduUated, 55 
mixed, 164, 578 
-muscle preparations, 20, 48 
molecular movement in, 16 
non-medullntcd, 55 
of alimentary canal, 465-7 
of blood-vessels, 92 
of c,apillaries and arterioles, 167 
of salivary glands, 408-11 
of skin-vessels, 178 
of teeth, 451 
of tongue, 711 
of vision, 769-70 
olfactory (l-st cranial), 713-14 
optic, 733 ct seq., 757 
pelvic (nervi crigentes), 82, 163, 404- r 
plirenic, 201 

physiology of, 55-75 , 

production of adrenaline anu acetyl-choline, 
156-7 

pudendal, 180 
refractory period, 19, 61 
regeneration of, 58-00 
section of, 19, 50 . 

somatic, acetyl-choline m, 06 
spinal, 77 
spinal roots, 578-80 
functions of, 582-3 
Wallerian degeneration, 578-80 
splanchnic, 79, 81, 82, 101, 183 

control of adrenals, <81 
on intestine, 615 
stimulation of, 518 
splenic, 1S3 

stimulation of, 50, 14-. m n no a 

NERVOUS SYSTEM, functions of a, 10, 11, 

581 

autonomic, 49, 76-86 

on alimentary canal, 46i-/ 
on circulation, 148-50 
on defalcation, 463 

os. TO, SIS, less 
SYMPATHETIC, <6-81 

control of circulatiom 148-0(1 
during exercise, i69-iO 

hcemoiriiaize on. 1/5 
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Nervous System. 

Nervous System — continued 
sympathetic, on cerebral blood-vessels, 176-7 
on coronary circulation, 176 
on heart, 148-9 
on spleen, 184 
relation to vagus, 155-6 
on thyroid cativity, 357 
sympathin, 67 
vasodilator fibres, 164 
vasomotor, 157-64 
vitamin deficiency on, 388 
tissues, 274, 275 
chemistry of, 57-8 
trigeminal (5th cranial), 82 
VAGUS (10th cranial), 82 
after haemorrhage, 174 
and enteric system, 83 
control of respiration, 232-7 
crossing with cervical sympathetic, 60 
endings in lungs, 235 
escape, 153 

on alimentary canal, 464-7 
on blood sugar level, 478 
on bronchial muscle, 198 
on cerebral blood-vessels, 176-7 
on circulation, 152-6 
on coronary circulation, 176 
on effects of chloroform, 157 
on gastric secretion, 421 
on heart, 65, 83, 122, 154, 615 
on oesophagus, 454 
on pace-maker, 148 
on pancreatic secretion, 430 
on respiration, 236 
on stomach, 467 
on sympathetic activity, 152 
restraint, 154-6 
during exercise, 169-70 
section of, 85 
on asphyxia, 247 
stimulation of, 167 
vasoconstrictor, 162-3 
vasodilator, 82, 163-6 
vestibular, 609, 684 
Neurasthenia, 620 
Neuroglia, 278 
Neurokeratin, 278 
Neuritis, peripheral, 382-3 
Neurolemma, 55 
In nerve-endings, 67 
in nerve regeneration, 59 
Neurone, 52 
intemuncial, 593 
motor, 680-2 

of autonomic path, 76, 77 
Nicotine method of investigating nerve-fibres, 79 
on autonomic system, 86 
on heart rate, 153, 157 
on nerve-cells and -fibres, 79-80 
on reflexes, 591 
on small intestine, 460 
on sympathetic, 157 
Night blindness, 379 
Night vision, 756-7 
NissI granules, 72, 676 
Nitric oxide hremoglobin, 339, 341 
NITK06EN, an essential constituent of the body, 
10 

equilibrium, 471, 500 
excretion of, 362 et seg. 
in Caisson disease, 257 
in inspired and expired air, 253 
in respiratory air, 207 
in starvation, 499 
on muscle contraction, 39 
of protein, 471 
total, of urine, 544 


Oetio Disc. 

Nocifensor system, 666 
Nodal point, of eye, 739, 741 
Nodule, of paleocerebellum, 687, 688 
Normoblasts, 327 
Nostrils, dilatation of, 204 
Nuclear layers of retina, 734 
Nuclein, 279, 333 
Nucleinase, 433 
Nucleolus, of cell, 3 
Nucleo-proteins, 276, 279-80, 281 
metabolism of, 493-6 
of muscle plasma, 46 
of nerve tissue, 57 
Nucleotides, 553 

NUCLEUS (nuclei), accessory auditory, 7 
Bechterew’s, 685 
caudate, 622, 695 

cuneatus, 684 s' 

Deiters’s, 685 
dentate, 685 

descending vestibular, 609 
gracilis, 684 

lenticular (lentiform), 622, 695 
of cardiac muscle fibre, 50 
of cell, 3 

of crystalline lens, 732 
of muscle-fibre, 12 
of Schwann cells, 56 
olivary, 684 
pontis, 685 
principal, 609 
red, 685 
solitarius, 711 
third nerve, 685 
vestibular, 687 
Nutrition, of feetus, 90S 
of heart, blood-vessels, and tissues, 123-7 
respiration in relation to, 248 
And see Diet, Digestion, Food, Metabolism 
Nystagmus, in cerebellar disease, 689, 691 


O 

Oats, constituents of, 396 
Obesity, 359-00 

Occlusion in moto-neurone pool, 593 
Oddi’s splnncter, 509 
Odontoblasts, 450 - 
(Edema, 146, 190, 301 
(Ersted, electro-magnetism, 33 
(Esophagus, in deglutition, 453 
muscle-fibres of, 12 n. 
parasympathetic supply to, 82 
part of alimentary canal, 400, 401, 403 
(Estradiol, 809 
(Estrin, S14 
(Estriol, 809 
(ESTROGENS, 809 
action .of, 810 

excretion of, in pregnancy, 816 
on lactation, 811 
use of, at menopause, SIS 
(Estrone, 809 
(Estnis cycle, 808-12 
relation to menstruation, 817 
Oils, fish liver, 378, 379 et seg. 
on peristalsis, 455 
vegetable, 270, 273, 386-7 
Olein, 270, 271, 273 
Oocytes, 709, 802, 803-4 
Oogenesis, 802, 803-4 
Oogonia. 803 
Ophthalmoscope, 758-61 
Opisthotonus, in Vitamin B, deficiency, 383 
Opium, on pupil, 752, 753 
Optic disc (wlilte spot), 733 
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Oea serrata. 


Ora serrata, 733, 737 
Orbicularis, 730 
Organ of Corti, 720-1 

Ornithine (diamino-valeric acid), cliemistrv of 
286, 492 . . ■ 

formation of, 306 
putrescine formed from, 543 
Osazones, 268 

Osoiliograph, catliode ray, 34 - 
Osmosis, 295-301, 547 et seg. 
importance of, in secretion, 405 
in food absorption, 443-4 
Osmotic pressure. See Pressure 
Ossein, 278 
Ossicles, 716-17, 722-4 
OSSIFICATION, 836-42 
chemistry of, 841-2 
healing of fractures, 842 
in cartilage, 838-40 
in membrane, 836-7 
Osteitis deformans, 842 
Osteitis fibrosa, 842 
Osteoblasts, 836 et seg. 

Osteoclasts, 836 et seg. 

Osteomalacia, 653 
Otoliths, 608 
Ovarian cysts, 279 
Ovariectomy, effects of, 808 
Ovary, 799 

internal secretions of, 808-12 
on lactation, 815 
Over-ventilation, 560 
on arterial COa, 223 
on blood-pressure,»158 
on consciousness, 671 
on decerebrate rigidity, 602 
on reflex arc, 589 
Ovo-mucoid, 279, 394 
Ovulation, 800-2, 804, 810, 817 
Ovum (ova), 800-2 
and cUia of uterus, 6 
compared witli spermatozoon, 803 
fertilised, 819 

Oxidases, oxygen fcarriers, 251, 300, 310 
Oxidation, coefficient of, 250 
mechanism of, 251-5 
of blood, 220 
of fats, 273 
of alcohols, 263 
stage in detoxication, 511 
OXYGEN and functional activity, 250 
and hEemoglobin, 219, 335 et seg., 340 
and Vitamin Bi, .383 
average intake, 253, 844 
carriers (oxidases), 251-2 
coefficient of solubility, 212 
constituent of proteins, 276 
consumption, 257 
debt, 41, 254 

dissociation curves, 220-222, 257 
essential for food absorption, 444 
for nerve activity, 64 
estimation off in blood, 213-14 

6XC65S 261 

exchange in lung, mechanism of, 226 et seg. 
exposure to high pressures of, 256-7 
foetal need for, 236-7 
in air-raid shelters, 242 


in alveolar air, 208 

in high-altitude flying, 259-61 

in blood, 212 et seg. 

in CO poisoning, 261 

in inspired and expired air, 207, 209, 253 

in measuring output of heart, 120_ „ 

in nutrition of blood-vessels and tissues, 126- / 


in respiratory air, 207, 208, 209 
in tissue respiration, 243-9 


- Pancreas. 

Oxygen — continued 
in venous blood, 119-20 
in vital activity, 519 
• intake, as sign of life, 4 
measurement of, in air, 209-11 
of blood-plasma, 319 
of foetal blood, 827 
on capillary permeability, 146 
on Cheyne-Stokes respiration, 238 
on ciliary movement, 7 
on muscle contraction, 39-42 
on reflexes, 589 
on reproduction, 383 

passage from alveolar air to blood, 226 el seg. 
in tissues, 248 
in placenta, 823 

pressure, alveolar, normal, during rest and work, 
226 

at sea level and altitudes, 258 
in glandular structures, 249 
in placenta, 827 ■ 

removal of, in gas analysis, 210 
requirement of, by rigid muscles, 602 
resting need per minute, 257 
supply, to brain, on consciousness, 671-2 
to muscles, 9 

tension, in lungs and tissues, 228 
tissue requirements and capillary contraction 
142 

transport, in blood, 218-21 
Use of, by heart, 122-3 
by kidney, 517 
in metabolism, 350 et seg. 

-want, central effects of, 171 
in severe haemorrhage, 175 
local and general, 255-61 
on cardio-inhibitory reflex, 156 
on coronary circulation, 176 
on lungs, 205 
on spleen, 184 
on night vision, 757 
on red blood-corpuscles, 324 
on respiration, 230 
Oxyhfemoglobin, 90, 219, 335, 839 
reduction in tissues, 226 
Oxytocic action of pituitrin, 790 
Oxytocin, 810 


P 

Paccliionian bodies, 699 
Pace-maker (sino-auricuiar node), 108, 148 
Vagus on, 154 - . 

P (pain) substances, 72-4, 656, 793 
PAIN, conditioned, 666 
tree nerve-endings and, 646 
.from puncturing arteries and veins, 92 
in muscle, 72-4 
in mixed nerve, 63 
nerve-impulses causing, 68, 655-6 
On pupil, 753 

protective sensibility to, 658 
Psychological set in, 665-6 ' 

On sympathetic activity, 84 
referred, 665-6, 667 
Sensory pathway, 661-2 . 

Spots, 648-50 
types of, 656 
Paleocerebelium, 687 
Pallor, after injection of pituitrin, 789 
in internal h®morrhage, 159 
Palmitin, 270, 271 
Palsy, 695 . 

pancreas (pancreatic), 426 et seg. 
adaptation of, 431 
and fat absorption, 443 
and hyperglycsemia, 483 • 

2 F 
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PAKCKEAS. 

Pancreas — continued 
glands of, 402 
in starvation, 500 
intra-ccllular canaliculi, 504 
juice, and bacterial action, 440-7 
composition and action of, 420-9 
on carbohydrates, 438, 475-8 
on proteins, 439 

relation to carbohydrate mctaboiism, 475-8 
parasympatlietic supply to, 82 
relation to pituitary body, 483, 788-9 
secretion, external and internal, 775 
mechanism of, 429-31 
terminal ganglion in, 79 
Pancreozymin, 430 
PapUI®, lingual, 710-12 
Paraflocculus, 687 
Parah®matin, 330 
Paralysis, agitans, 695 
crossed, 682, 693 

from injury to parietal area, 638-9 
infantUe, 596 

general, on light reflex, 771 
on rigor mortis, 45 
spastic, 695 
Para-mucin, 279 
Paramyosinogen, 46, 277 
Parasympathetic. See Nervous system 
Parathyroid. See Glands 
Parietal area of cerebral cortex, 038-9,.-042 
Parietal layer, of pleura, 198 
Parentage, blood groups and, 344 
Parotid extract, 789 
Pars ciliaris retin®, 737 
Pars intercartilaginea, 707 
Pars intermedia (pituitary), 784, 789-90 
Pars tuberaUs (pituitary), 784 
Parthenogenesis, 804 
artificial, 819 
Parturition, 598, 827-9 
Pavlov pouch, 420-1 

Pavlov, work on conditioned reflexes, 617 ei eeq, 
on pancreatic adaptation, 431 
Peas, constituents of, 396 
iron of, 375 

Peduncles, of cerebellum, 684-5, 688 
Pellagra, 384-5 

Pelvis, sympathetic supply to, 81 
Pendulum movements of small intestine, 400 
Penis, 798 

erection, 179-80 
vasodilator Innervation, 163 
Pentoses, 265, 494 
in urine, 541 
PEPSIN, a protease, 305 
boiling on, 303 
c:^stalline, 304, 309 
differentiation from trypsin, 415, 427 
on pepsinogen granules, 425 
on protein, 439 
Pepsinogen, 306, 425 
Peptides, 288 
Peptones, 277, 280 
alcohol on, 282 
Biuret reaction, 281 
description, 283-4 
digestion of, 427, 431 
erepsin (succus entericus) on, 432-3 
on coagulation of blood, 316 
on lymph flow, 192 

product of protein-hydrolysis, 283, 305, 439 
resistant to pepsin, 415 

Perfusion, experiments on blood flow and vaso- 
motor centres, 102 
Pericardial fluid, 319 
Pericardium, 121-2, 193 
Perichondrium, 838 
Perilymph, 607, 718 


Pigments. 

Perimeter, the, 761-2 
Periosteum, 833, 837 

Peripheral resistance, nen’ous and chemical 
control, 180 
PERISTALSIS, 454-5 
in colon, 449, 461, 510 
in gastric secretion, 429-30 
in oesophagus, 453 
in smail intestines, 459 
in stomach, 456 
reverse, 463 
Peristaltic rush, 459 
Peritoneum, 400 

Peritonitis, abdominal fluid in, 192 
Permeability, 299 
Peroxidases, 252, 332 
Perspiration. See Sweat 
Petit, canal of, 738 
Pettenkofer’s reaction, 507 
Peyer’s patches, 401, 446 
Pfliiger’s law, 70 
Phagocytosis, 331 
Phako-scope, Helmholtz’s, 744 
Pharynx, muscle-fibres of, 12 n 
Phenols, 506, 510 

excretion of, 541 . - 

Phenylalanine, 281, 285, 497 
PhenyUiydrazine, reaction of sugars to, 268 
test for sugar in urine, 641 
Phenyl-sulphate, 537 
Phlegm, 198 

Pldoridzin, on fat absorption, 442 
on glycogen, 474 
on renal threshold, 480 

PHOSPHATASES (phosphoric esterases), action 
of, 305 

co-enzyme of, 306 
in glycogenolysis, 481 
of succus entericus, 433 
on lipins, 275 
reversibility of, 309 
rdlo of, in ossification, 841-2 
Phosphates, buffer substances, 559 
.. in rickets, 554 

in tonic medicines, 554 
of gastric juice, 414, 415 
of urine, 537-8, 540 
on intestinal movements, 554 • 
organic, kidney om 521 
Phosphatjdes, See Lecithins 
Phospholipides, 485, 553, 554 
Phospholipoids, 442 
Phospho-protcins, 276, 278, 374, 554 . 

Phosphorus, absent from gliadin, 497 
^ and parathyroids, 552-3 
' in bone formation, 841-2 
in diet, 374 
in rickets, 381 
of nerve tissues, 58 
rfile in body, 553-4 
vitamin D on, 381-2 
Phosphorylaso, 4S1 
Phosphorj'lation, 439, 442, 474, 554 
Photo-chromatic interval, 756 
Physiological zero, 654 
Physiology, definition of, 1-2 • 

method for studiing problems, 95 
Physostigmine (eserine), on action of cetyl- 
choline, 65 
on intestine, 467 
on pupil, 752, 753 
Phytascs, 382 
Pia mater, 574 

Pieds tenninaux (" boutons ”) of ncrvc-cclls, 591-2 
of grey matter, 577-8 
Pigmentation, in Addison’s disease, 776 
Pigments, in muscle, 46 
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PnOOAEPINB. 

Pilocarpine, on blood-sugar level, 478 
on c.s.f., 701 

on glandular secretions,- 407 
on heart-rate, 156 
on intestine, 467 
on night vision, 757 
on parasjTnpathetic, 85 
on submaxillary gland, 409 
■ on sweat-glands, 565 
Pinna, of ear, 716, 722 
Piotrowsld’s biuret reaction, 276, 281 
Pitch, of musical sounds, 708, 722 
Pit'ocin, 790 

"PihrpQQin 700 

PITUITARY BODY, 697, 783-91, 831 
and menopause, 818 
and sexual desire, 812-13 
control of gonads, 812-13 
extract, 790 
functions of, 785-91 
in diabetes,-483 
in lip) 0 glyc 8 emia, 478 
in kidney secretion, 622 
in pregnancy, 791, 816 
on blood sugar, 483 
on carbohydrate metabolism, 360 
on lactation, 811, 814-16 
on parturition, 790, 810 
on spermatogenesis, 807 
on thyroid activity, 357 
Pituitrin, 789-91 
on skin-vessels, 171 
Placenta 820, 821-3 
at parturition, 828 
functions of, 823-5 
hormone of, 823 
on lactation, 811, 815 
sinusoids of, 93 
source of cestrogens, 809 
Plasma. See Blood 
Plasticity, in decerebrate rigidits', 602 
Plethysmography, 161 
Pleura(e), 5, 198-9, 200-1 
Pleural sac, 198 
Pleurisy, fluid in, 192 
PLEXUS, Auerbach’s, 83, 405. 
cardiac, 149 
choroid, 699 
coeliac, 77 

Meissner’s, 83, 465, 467 
of intestines, 465 
of sensory fibres, 646 
of skin-vessels, 178 
peMc, 82-3 
renal, 521 

Pneumonia, 256, 261 
on leucocytes, 332 
on white blood-corpuscles, 329 
respiration in, 235 
Pneumothorax, 200 

Poiseuille, experiments on blood-pressure, 132 
Poikilothennal animals, 567 
Poisoning, by gas from Iiigh explosives, 341 
lead, 323 

Poisons, cholesterol on, 274 

detoxication in the body, 611-13 
enzyme, 310 
tissue, 253 
Polar body, 804 

Polarimeter, 265-6 . • , 

Poliomyelitis, anterior, meehanical artificial 
respiration for, 241 
Polygraph, 114, 140 
Polymorphs, 330 
Polyneuritis, 382 

Polypeptides, buiret reaction, 281, 427 
chemistry of, 288-9 


, Peosthetic Geoup. 

l^olypeptides — continued 
products of protein-hydrolysis, 282, 305, 427, 
437, 439 
trypsin on, 427 

Polysaccharides, 264-5, 268 et sea- 
Polyuria, 480 
Pons Varolii, 574-5 
control of respiration, 228 
Porphyrins, 335, 341 
Porus opticus (physiological pit), 759 
Posture, maintenance of,-604-12 
nerve impulses concerned in, 598-603, 660 
on circulation, 181 

on heart-rate and blood-pressure, 173 
reflexes, 598-603 

response of vasomotor centre to, 235 
POTASSIUM, adrenaiine on, 551 
in diet, 375 

in sympathetic stimulation, 67 

in ventricular fibrillation, 113 

of ceU protoplasm, 3 

of milk, 392 

of muscle, 46 

of urine, 530 

on heart, 124, 154 

Potassium chloride, constant, in body, 550-1 
Potatoes, 269, 396 

PIlEGNAXCY, Aschheim-Zondek test for, 812-13 
calcium loss during, 552-3 
corpus lutemn of, 801,. 810-11 
iron requirements in, 375 
on adrenal cortex, 783 
on mammary glands, 394, 814 ' 
physiological changes in, 816-18 
pituitary body in, 791, 816 
pseudo-, 811 
Pregnandiol, 811 
“ Premortal rise,” 499 
Presbyopia, 750 

PItESSUEE, alveolar, at lugh altitudes, 258 
barometrie, on alveolar air and arterial blood, 226 
on heart-rate, 115 
blood-. See Blood-pressure 
capilliary, importance of, 301 
measurement of, 137 
cerebral, on circulation, 155 
difference of, main factor in circulation, 97-8 
cndocardiac, 101 
high, respiration under, 256-8 
intra-auricnlar, 103 
intra-ocular, 738-9 
Intrapleural, 203 
intra-thoracic, 243-5 
■ laws of fluid, 128-9 
bn mixed nerve, 63 
osmotic, 295-301 {and, see Osmosis) 
in secretion, 405 
of tissue fluid and blood, 191 
on capiDary permeability, 192 
protective sensibility to, 658 
'■ partial (Dalton-Henry Law), 213 
pericardial, in respiration, 244 
pulse, 136 
Sense of, 648, 650 
systolic and diastolic, 136 
total (Dalton-Henry Law), 213 
Prodamines, 415 
Progeria, 786 
Progesterone, 783, 811-12 
on maminary glands, .814 
relation to corticosterone, 811 
Prolactin, 811, 812, 815, 816 
Prolan (gonadotropic hormone), 788 
Pro-CEstrus, 808 
Propyl alcohol, 263, 271 
Prostate, 807 

Prostatic tlireads, in urine, 539 
Prosthetic group, 279 
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Peostiqmike. 

Prostigmlne (eserine), use of, in myasthenia gravis, 
66, 792 
Protagon, 275 

Protamines, 276-7, 431, 433 
Proteases, 305 
PBOTEINS, 276-90 
absorption of, 437-40 
analysis of, 289 
and kidney excretion, 518 
animal and vegetable, 365-6 
bacterial action on, 447 
biological value of, 500-1 
breakdown of, in intestines, 437-S 
calorific value, 348 
carbon and nitrogen of, 471 
chromo-, 279 
classification of, 276-80 
cleavage products (table), 288 
coagulation of, 280, 282 
colour reactions of, 281 
conjugated, 276, 279, 281 
constitution of, 287-90 
crystallisation of, 280-1 
^gestion of, 414, 415 et ceg. 

by suckling infant, 433 
dissociation of, 294 
erepsin on, 433 
essential to life, 10 
first-class, 501 
gluco-, 279 
-hydrolysis, 282-4 
in balanced diet, 367 
in lymph clotting, 195 
in pathological urine, 540 
indififusibility of, 280 
injection of, 437 
irreducible minimum, 500 
metabolism of, 490-501 
on urine, 530 
muscle, in heat rigor, 23 
of blood-corpuscles, 333 
of blood-plasma, 319 
bufier substances, 559 
functions of, 321 
osmotic pressure of, 133 
precipitation of, 319-20 
transport of CO, by, 224 
of ceU protoplasm, 3 
of cerebral grey matter, 57 
of fibrous tissue, 8 
of lymph, 195 
of milk, 391 
of muscle, 46 
of pancreatic juice, 427 
of pulses, 396 
of saliva, 411 
of serum, 320 

of tissue fluid during vasodilatation, 192 
of tissues, water imbibed by, 191 
on polarised h'ght, 281 
osmotic pressure of, 300-1 
precipitants of, 282 
properties of, 280-2 
requirement, 362-4 
respiratory quotient, 254 
solubility of, 280 
special metabolism, 498 
specific dynamic action of, 304-5 
sources of, 365-6 
-sparers, 500 
storage, 498 
structure of, 289 
succus entericus on, 432 
synthesis, and essential amino-acids, 496-8 
utilisation by nerve, 64 
Proteolysis, estimation of, 435 
PEOTEOSES, colour reactions of, 281 


Eatioks. 

Proteoses — continued 
description, 283 
erepsin on, 432-3 

product of protein-hydrolysis, 305, 439 
reaction to heat, alcohol, and other agents, 284 
separation from other proteins, 282 
succus entericus on, 432 
- trypsin on, 427 

Prothrombase (prothrombin), 317-18, 321 
Protones, 277 

Protopathic sensibility, 657 
Protoplasm, of cells, 3 
Protozoa, ciliary movement of, 7 
Pro-vitamins, 378 et seq. 

Pseudoglobuh'n, 320 
Pseudo-mucin, 279 
Pseudopodia, 303, 333 
Pseudoscope, 773 
Psychology, Behaviourist, 621 
PTYALIK, a carbohydrase, 305, 411, 412, 438 
activated by chloride, 300 
origin of, 408 
Puberty, of female, 805 
of male, 808, 814 
pituitary body in, 791 
Pulsation, maximal, 136 
Pulse, 138-40 
-beat, 131 

during Valsalva’s experiment, 245 
-pressure, 134, 136 
-rate, training on, 172 
response to posture, 181 
-wave, 138-9 
Puncta lacrimalia, 730 
PUPIL, adrenaline on, 779 
ArgyU-Kobertson, 771 
atropine on, 752, 753, 779 
contraction and dilatation, 752-3 
eserine on, 752, 753 
light on, 753 
opium on, 752, 753 
parasympathetic on, 81 
sympathetic on, 84, 752, 753 
sham rage on, 632, 691 
Purgatives, 300, 464 
on bile secretion, 509 
Purine bases, 279, 280, 287 
Purines, constitution of, 494-5 
metabolism, 493-0 
Purkinje fibres, 109 
Purklnje’s figures, 755 
phenomenon, 750 
Pus, 331 

in urine, 538, 540, 543 
Putrefaction, 286, 304, 44C-S 
Putrescine, in urine, 543 
Pylorus, glands of, 425 
rhythmic movement of, 456-7 
Pyramidines, 357, 494 
Pyridoxin, 385 
Pyrimidine bases, 287 
Pyrogallol. use of, in gas analysis, 210 
Pyrroles, 342 
Pyrrole pigments, 335 

Quadratus lumborum, 201 
Quadriurates, 535 
Quinidine, in auricular flutter, 112 
Quinine, excretion by skin, 560 

B • 

Eage, sham, 632, 094 
Eami cornmunicantes, 77, 84, 148 
Eations, in peace and war and for brain workers, 
366-7 
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Batnatid’s Disease. ^ 

Baynaud’s disease, 665-6 
Beabsorption, selective, 519 
Beaction time, personal equation, 683 
Eebound, in reflex action, 590 
Eecept'ors, in posture and equilibrium, 604-14 
Bectum, in defajcation, 462 
parasympathetic supply to, 83 
post-mortem rigidity, 49 
Bed-green confusion, 765 
Bedness, evidence of change in blood-vessels, 160 
Reductases, 306 

Reduction, stage of detoxication, 511-12 
REFLEX (REFLEXES), abdominal, 597 
absence of, 596 
act, 54 

activities, 581-621 
after-discharge, 590 
alteration in character of, 596 
anide-clonus, 595 
ankle-jerk, 594-5 . 

animal, 631 

antigravity, 583, 586-7, 590, 594, 599, 604 
aortic depressor, 185-6 
arcs, 28, 54 
essential elements, 69 p 
lower, influences of higher centres on, 696-7 
properties and characteristics, 588-91 
axon, 584 

Babinski’s sign, 597 
Bainbridge’s right auricular, 170, 244 
body-righting, 604 et seq. 
cardiac, 170-1 
cardio-acoelerator, 185-6 
cardio-inMbitory, 154-5, 156 
narcotics and chloroform on, 157 
centre, 582 

classification of, 583-4 
conditioned, 617-21 
analyser, 618 

biological function of, 621 • 
coincidence in time, 620 
extirpation of sensory areas on, 637 
habit, 621 
heredity on, 621 
history of discovery of, 584 
importance of,. 621 
inhibition, external, 618 
internal, 619 

investigation of cerebral cortex by, 630 
linking, 618 
loss or extinction, 619 
of dog, to vomiting, 459 
of salivary secretion, 411 
of urine retention, 526 
sleep, 619-20, 674-5 
conduction, unidirectional, 589 
conjunctival, 770-1 
convergence, 613 et seq. 
comeal, 584 
cortical flexion, 603 
cough, 239-40 
cremasteric, 597 
crossed extensor, 686, 587, 603 
inhibition of, 615 
definition, 581 

dependence on O- and COa, 689 
depressor, 163 

and control of blood dep6ts, 185-6 
hasmorrhage on, 174 
epigastric, 597 
exaggeration of, 596 
excitetion of, 615 . 

extensor, 28, 585, 587 
facilitation of, 588 
fatigue of, 588 

final common path, 613-14 - — 

flexor, 28, 587, 612 


^ „ Bepetitiox. 

Reflex — continued 
flexor withdrawal, 585, 586, 693 
fractionated postural, 594 
gastro-colic, 462 
gastro-ileal, 461 
gluteal, 597 
grasp, 637'' 

Hering-Breuer, 232-3, 234, 569 
higher centres on, 596 
in decerebrate animal, 598 et seq. 
in local sweating, 572 
in deglutition, 453 
in muscles of back, 597 
inborn, 621 

inlubition of, 589, 615-16 
knee-jerk, 594 
labyrinthine righting, 608 
tonic labyrinthine, 608 
latency, 592 

lengthening reaction, 602 

light (eye), 771 

local sign, 589 

Lov5n, 168-9 

mass, 585 

mechanisms, 64 

neck righting, 605 

of posture and equilibrium, 604-14 

optical righting, 605 

plantar, 597 

postural, and muscle tone, 598-603 
pressor, 158 
proprioceptive, 676 
protective, 583, 584-6, 658 
psychogalvanic, 171 
refractory period, 592 
reinforcement of, 595, 596 
relation to muscle tone, 597 
respiratory, 244, 698 
response, nature of, 590-1 
righting, 583-4, 603, 604, 605, 608 
scratch, 614 
inhibition of, 615 
spinal, 694, 698 
fatigue in, 588 
protective, 584 
spread, 589 
stretch, 586, 598 
superficial, 597-8 
tendon, 594-7, 693 
thrast (flexor plantar), 586-7, 597 
time, excitation on, 615 
reduced, 599 • 
tonic, 603, 605, 608 
trace, 618 
visceral, 598 
vagal, 165-6 
vasoconstrictor, 162-3 
vasodilator, 165-6 
on blood depots, 182 
walking, 602 

withdrawal (extensor plantar), 597 
Refractory period, absolute, of nerve, 61 
of heart muscle, 110-11 
of reflexes, 592 

Refractory phase, of stimulated muscle or nerve, 19 
Behfuss, Fractional test meal, 419 . 

Beil, island of, 625-6, 703 
Rein’s thermostromuhr, 161-2 
Reinforcement, in reflex action, 614, 618 ■ 
Rejuvenation, 807-8 
Eelaxation, nature of, 32 
in muscle contraction, 22 
post rigor mortis, 45 
Eelaxin, 811 
Renal threshold, 480 
Rennet (rennin), 306, 391, 425 
of gastric juice, 416 
Repetition, on conditioned reflex, 618 
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Beptues. 

Ecptiles, circulatory system in, 98 
EEPRODUCTIOX, 798-829 
adrenal cortex and, 782-3 
Vitamin A on, 379 
B, deficiency on, 383 
E on, 38G-7 

Resistance, electrical, of skin, 171-2 
in reflex arc, 588 
synaptic, 592 
RESPIRATION, 197-261 
abdominal, 201-2 
adrenaline on, 779 
aortic and carotid bodies on, 792 
apneustic, 228 
• apparatus of, 197-9 
artificial, 240-1 
by iron lung, 241 
on heart, 244 

on pulmonary circulation, 245 
at high altitudes, 257-61 
at high pressures, 256-7 
breaking-point, 237 
carbon monoxide poisoning on, 261 
cause and regulation of, 228-37 
chemical control of, 228-31 
cessation of (apncea), 229-30 
Cheyno-Stokes, 237-8 
control of, function of, 228 
“ dead space,” 205 
definition of, 197 
essential nature of, 235-6 
exaggerated (hyperpnoea), 558 
exercise on, 42, 169, 239 
foetal, 236, 823-4 
forced, 231 

gas interchanges through skin, 562 
gasping, 228 
haemorrhage on, 175 

• H-ion concentration of blood on, 228-30, 558 
higher centres on, 236 
Important data, 844 
inferior costal, 202 
inhibition of, 237 
mechanism of, 200 et seq. 
motor area of cortex for, 630 
movements of, graphic records, 202 et seq. 
nervous control, 232-7 
on circulation, 243-5 
on heat loss, 569 
on lymph and blood flow, 194 
on pulse wave, 139 
on venous return, 147 

rapid deep (over-ventilation), on blood-prcssure, 
158, and see Over-ventilation 
rate of, 206 

relation to heart-rate, 116 
relation to nutrition, 248-51 
relation of ehemleal and nervous factors, 236 
shallow and rapid, 234-5 
specific respiratory stimulus, 231 
tissue, 248-51 
types of, 201-2 
Valsalva’s experiment, 245 
vocal cords in, 707 
Resphatory centres, 228, 696 
depression of, on blood sugar, 482 
exhaustion of, 235 
in dyspneea, 255-6 
Respiratory disease, 261 
Respiratory exchange, total gaseous, 253 
on respiratory movements, 230 
Respiratory failure, from insulin excess, 478 
Respiratory murmtu, 204 
Respiratory pigments. 335 
Respiratory pump, 147 

RESPIRATORY QUOTIENT, 42, 209, 253-4 
corrected, 254 


Rtjminants. 

Respiratory Quotient — continued 
in metabolic investigations, 351-2 
in severe muscular work, 480 
in starv'ation, 484, 499 
Respiratory stimulus, specific, 231 
REST, on infection, 193 
on metabolism, 352 
on mucous membrane, 417 
parasympathetic control diuing, 83, 154 
pauses, 74 

sympathetic drive during, 152 
vagus restraint during, 154 
Restiform body (inferior peduncle), 084 
Rcte testis, 797 
Reticulocytes, 327 

Reticulo-endothelial system, 8, 328-9, 375 
RETINA, 731, 733-7 

analogy between retinal and muscular excita- 
tions, 758 

blood-vessels of, 739, 759 
changes during activity, 755-8 
concerned in posttue and cc]Uilibrium, 605-0 
cortical, 639 

degeneration of, in glaucoma, 738 
distance to cornea and lens, 740 
electrical variations, 757 
formation and size of image, 742-3 
functions of, 753-5 
light absorbed by pigment of, 759 
layers of, 734-7 
macula lutea, 640 
structure of different parts, 737 
Retinoscopy, 747, 750-1 
Retractor lentis, 746 
” Reversibility ” of cnzjunc action, 309 
Rh factor of blood, 344 
Rheobase, 19 

Rheumatism, flbrositic, 644 
sweat in, 566 

vitamin C deficiency in, 386 
Rigidity, decerebrate, 599-003, CSS, CS9 
of extensor muscles, 49 
Rigor, calcium, 124 
heat, 23 
mortis, 44-5, 49 
Rima glottidis, 705 
during respiration, 204-5 
Rhythm, inlicrcnt, of higher centres, 235-0 
Rhythmic discharge (inherent rate) of nerve cells, 
28 

Rhythmicality, 616-17 
of involuntary muscle, 47 
Rhythmicity of cardiac muscle, 110 
of splenic contractions, 183, 184 
Riboflavinc, 310, 384-5 
Ribose, 280 

Ribs, movements of, in respiration, 201 
Rice, constituents of, 396 
Rickcts,-379-S2, 842 
phosphates in, 553-4 
Ringer-Locke’s solution, 409 
Roaf’s method of estimating proteolytic activity, 
435 

Rochelle salt, 546 
Rod fibre, 736 
granule, 730 

Rods and cones, layer of, 733, 735-6, 753 
function of, 754-5 
Rods of Corti, 720-1 
Rolando, fissure of, 634, 638 
Romberg’s sign, 605 
Rose’s biuret reaction, 276, 281 
Rosenheim’s reaction, 281 
Rothera’s test for acetone, 541 
Roughage, 361-2 
Roy’s oncometer, 161 
Ruminants, 452 - 
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Sao. 


S 

Sac, lacrymal, 730 
Saccule, 606-7, 608, 718-19 
Salicj’lates, excretion of, 265, 541 
Saline, hypertonic, on brain volume, 177 
normal, composition of, 21 
effects of injection, 518 
rectal administration of, in shock, 445 
on blood corpuscles, 323 
on muscle contraction, 47 n, 47-8 
purgatives, on intestines, 48 
to replace salt lost by sweating, 560 
SALD^A, 408-13 
amylohtlc activity, 435 

composition, reaction, and specific gravity, 411 
in disease, 413 
diet on, 447, 561 
enzymic action, 268 
function of, 413 

glands, salivarj', drugs on, 400, 409-10 
liistology of, 407 
in vomiting, 458 
on mastication, 452 
on starch, 438 
osmotic pressure, 405 
ptyalin of, 305 
salt concentration of, 406 
secretion of, 406, 408-11 
of dog and cat, 409 
vegetable food on, 447 
" Salting out,” 277, 282 
SALT (SALTS), absorption of, 437, 445 
essential for growth, 831 
excretion by kidney, 194 
in action of ptyalin, 412-13 
in diet, 373-6 

in nourishment of foetus, 827 
injection into blood stream, 300 
loss, excessive, 550 
on blood-clotting. 316 
on hsemoglobin, 220 
requirement, 373-6 
Sanson’s Images, 744 
Santorini, cartilage of, 700 
Saponification, 272 
Saponin, hajmolysis from, 345 
Sarcolemma, 12, 67, 278 
Sarcomeres, 13 
Sarcoplasm, 12 
Saicostyles, 12 
Sarcous element, 13 
Sarcosine (methyl-glycine), 287, 533 
Scala media (canal of the cochlea), 720 
Scala tympani, 719 
vestibuli, 719 
Scarpa, ganglion of, 609 
Scheiner’s experiment, 746 
Schlemm, canal of, 733, 738 
Sclera (sclerotic), 730, 731-2 
Sclero-proteins, 276, 278, 415 
Scotoma (blind spot), 747 
Scurvy, and vitamins, 385-6, 388 
Sebum, 274, 662, 564-5 
Second wind, 256 
Secretin, 429-30 

on succus entericus, 433 
SECRETION, 80, 404-7 
antilytie, 409 
gastric, 420 et seq. 
innervation of, 82 
mechanism of, 420 et seq. 
methods of studying, 419-20 
internal, of ductless glands, 775 et seq. 
nature of the process of, 404-7 
of bile, 508 


„ SHAEPEr. 

Secretion — continued. 
of insulin, 478 
of skin, 562-3 
of stomach, 424-5 
of succus entericus, 431-3 
of sweat, 563-4 
pancreatic, 429-31 
innervation of, 82 
paralytic, 409 

salivary, mechanism of, 410-11 
Segmental movements of small intestine, 459-90 
SENSATION(S), 644-69 
adaptation, 653-4 
and sympathetic, 84 
appreciated in thalamus, 663 
analysers, 652-3 
auditory, 722-9 
classification of, 654, 657-9 
colour and colourless, 763 et seq. 

“ conditioning,” 666 
cutaneous, 648-50 
discriminative, 658 
drugs on, 659 
during sleep, 673 
epicritic, 657 

extent and intensity, of 655 
gustatory, 711-12 
heat and cold, 648-50, 661-2, 663 
hunger, 667-8 
hyperalgesia, 666 
injury to spinal cord on, 693 
latent period, 652 
local signs, 664 
mind on, 665 et seq. 
muscle and joint, 654-5, 660-1 
nerve impulse in, 652-6 
olfactory, 712-15 
pain, 661, 665-6 
conditioned, 060 
deep, 663 
referred, 665-6 
protective system of, 058 
protopathic, 657 

recovery of, after nerve section, 00 
sensory areas of cerebrum, 033, 637-43 
sensory neiA’e-endings, 644-5() 
sensory pathways, 660-9 
significance of, 663-5 
special, 657 

stimuli, Weber’s law of, 051-2 

tactile, 661 

thirst, 669 

vibratory, 661 

visceral, 666-7 

visual, 762-71, 772-4 

duration of,- 757-8 , 

Sensibility, recurrent, 583 
Septum, median, of spinal cord, 578 
Serine, 285 

Serous coat of alimentary canal, 400 
Sertoli, cells of, 797 
SERUM, 318-22 
-albumin, 277 
amino-acids of, 288 
in blood-clotting, 317 
precipitation of, 320 
from blood-clot, 314, 320-1 
-globulin, >277 

amino-acids of, 288 
• in blood-clotting, 317 
precipitation of, 320 
SEX HORMONES. Hormones 

hypothalamus and pituitary control, 094 
• organs, pituitary oUj 783, 786, 787 
secondary characteristics, 805 et seq. 

Sexudl desire, 812-13 

Sham rage, 632 . 

Sharpey, perforating fibres of, 834 
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Shiteeing. 

Shivering, adrenaline on, 781 
cardiac acceleration during, 569-70 
cause of, in exposure to cold, 571-2, 573 
Shock, control of blood-vessels in, 157 
on skin-vessels, 178 
surgical, Importance of, 146 
rectal saline for, 445 
Siderocytes, 323 
Sighing, 240 
“ Signal surface,” 240 
Silver salts reduced by glucose, 266 
Simmonds’ disease, 785, 786, 818 
Slno-aurioular node. See Pace-maker 
SINUS, carotid, and cardio-inhibitory mechanism, 
155 

depressor reflexes from, 1 63 
paralysis of, 165 
stimulation of, 166 
lymph and splenic, 328 
of foetal heart, 98 
of frog’s heart, 97-8 
ultima moriens, 107 
of Valsalva, 89 
Sinusoids, 93 

of adrenal medulla, 776 
of liver cells, 504 
Size, estimate of, 772-3 
of body, on body temperature, 570-1 - 
Skatole, 286, 447 
Skeleton, 11, 831 et seg. 

SKIN, 562-6 

and appreciation of weight, 660 
adaptation to stimulus in, 653 
blood depots of, 182 

blood-vessels of, during over-ventUation, 158 
capillaries of, 144 
circulation through, 178-9 
cutaneous sensation, 048-50 
electrical resistance of, 18, 171 
epithelium of, 5 
excretion by, 522 
flusliing of, 143 
functions of, 562-6 
" H " substance producedin, 05 
haemorrhage on, 174 
histaminase absent from, 144 
bistanaine on capillaries of, 144 
. in regulation of body temperature, 509-70 
loss in starvation, 500 
mechanical injury, 179 
mottling, 179 

nerve-impulses from, 654-5 
pigment of, 566 
reflexes in, 604 

sodium chloride stored in, 550 
sunlight on, 381 
" triple response,” 179 
vasoconstriction in, 171 
vasoconstrictor centre on, 158 
vasodilator nerves to, 164 
vitamin B, deficiency on, 383 
SkuU, fractured, 155, 177-8 
SLEEP, 619-20, 673-8 
cause of, 675 
centre, 675 

electrical reactions of cortex, 677-8 
experimental, 674-5 
loss of, 676 
on pupU, 753 
on urine, 529 

respiration during, 237, 238 
SmeU, 712-15 
cerebral area, 641 
on gastric secretion, 423 
Sneezing, 240 

Snellen’s test types, 747-8 - ' 

Snoring, 240 


SpiNAh Coed. 

Soaps, definition of, 272 
in formation of fat, 428, 441-2 
of bile, 506 

of pancreatic juice, 427 
of plasma, 321 
Sobbing, 240 
SODIUM, in diet, 373 
of cell protoplasm, 3 
of milk, 392 
on heart, 124 

Sodium acetate, on reducing sugars, 268 
Sodium bicarbonate, buffering by, 559 
in blood, 223-4 
in pancreatic secretion, 430' 

Sodium chloride, constancy of, in body, 550 
dissociation of, 292-3 
loss of, in Addison’s disaese, 782 
And see Saline 

Sodium hypobromite, reaction with urea, 531 
” Soi ” and “ gel.” 303, 318 
Solids, swallowing, 453 
Solubiiity, coefficients of, 212 
Solution(s) affinities, 300 
colloidal, 303-4 
gramme-molecular, 294 
hypertonic, 297 
hjrotonic, 297 
saline, on blood, 323, 344 
isomotic, 298 
isotonic, 297 
Sorbitol, 263, 288 

Sorensen’s formaldehyde method of estimating 
proteolytic activity, 430 

Sorensen’s method of estimating ammonia, 545-6 
Sound, analysis of, 724-6 
physiology of hearing, 722-4 
pitch, 707 
Sound location, 728 
Soup, 397 

Spaces of Fontana, 733, 738 
Spasm, relief of, 157 ■ 

Spasticity, 6S2 
Spectroscope, 339-40 
Spectrum, 763 ■ 

vitamin A absorption band, 379 
SPEECH, 638, 641, 702-4 
centre. 702 

cerebellar disease on, CS9 
vocal, 708-9 
Spermatids, 797, 802-3 , 

Spermatocytes, 797, 802-3 
Spermatogenesis, 802-3 
Spermatogonia, 797, 802-3 
Spermatozoa, 279, 797, 799, 802-3 
cih'ary nature of, 0 
in fertilisation, 819 
in urine, 538 
Sphincter, ileo-ctecal, 462 
Spliincter iridis, 81 
Spliincter of Liitkens, 509 
Sphincter of Oddi, 509 ’ 

Sphincters, of anal canal, 462 
Spliincter pupilla), 732 
Splungo myelin, 275 
Sphygmograph, 138-40 
Sphygmometer, 134-7 
Spinal animal, 585, 586, 599, 600, 61 4 
SPINAL COKD, 7, 53, 577-S 
effects of section, 692-3 
in neck, 518 

effects of stimulation, 518 
functions of, 581-2 
heim’scction of, 693-4 
injury to, 682, 691-4 
loss in starvation, 500 ' 

sensorj’ pathways in, 060 
tracts in, G27-S 
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Spinal Cord. 

Spinal Cord — continued 
tracts in, cerebellar, 660 
Clarke’s column, 660 
Columns of Coll and Burdacli, 660 
Lissauer’s, 661 n. 
tracts of, fronto-pontine, 685 
olfactory, 714 
pyramidal, 679 ct seQ. 
rubro-spinal, 680-1, 685 
sensory, 660 
spino-cerebellar, 691 
Spinal nerve roots. See Nerve 
Spinal shook, 69S 
Spirometer, 203, 205 
Splanchnic area, definition, 161 
Splanchnics, blood depot in, 182 
SPLEEN, 182-6 
blood dep6t, 182-5 
control of, 185-6 
emotion on, 172 
functions of, 184-5 
in foetus, 327 
hfemorrhage on, 174 
in starvation, 500 
red cells in, 328 
sinusoids of, 93 
sympathetic supply to, 81 
Spongioplasm, 14 
Spots, sensory, 648-50, 657 
Spread, in conditioned reflexes, 618 
of ner\'e-impulse, 592 
of stimulus, in reflex, 589 
Staircase phenomenon, 24 
of cardiac muscle, 110 
Stamina, 364 

Standing, function of cerebellum in, 687 
oedema during, 190 
Stannius experiment, 108 
Stapedius, 717, 724 
Stapes, 716-17 
STARCH, 262, 265, 269 
absorption of, 438-9 
calorific value, 348 
formation of maltose from, 268 
hydrolysis of, 472 
intestinal fermentation of, 415 
saliva on, 412 

unaffected by gastric juice, 416 
Starling’s Law of the Heart, 117 
Starvation, 499-501 
ketosis in, 489 
on blood fat, 484 
on faeces, 449 
on liver glycogen, 474 
Status lymphaticus, 792 
Stearin (tristearin), 270, 271 
respiratory quotient, 254 
StercobUin, 507, 628 
Stereoscope, 773 

Sterols, 273-5, 381-2, 443, 506, 809, 811 
Stethograplis, 202 et seq. 

Stiffness after exercise, cure for, 192 
Stimulation, 16-19 
by slowly interrupted shocks, 164 
chemical, on respiration, 228-9 
of auditory area, 641 
of hypothalamic region, 695 
of mixed nerve, 164 
of motor area, 634 
of nerve, 61-5 
of sciatic nerve, 164 
of sympathetic, 150 
of third nerve, on pupil, 753 
of vasoconstrictor nerves, 156 et seq. 
of vasodilator nerves, 163-4 
of sensory areas, 637 
of sensory nerves, 158 
sensory, " conditioned,” 171-2 


, ,, SULRHUE. 

Stimulation — continued 
sensory, on blood sugar, 482 
on blood-vessels, 152 
on denervated kidney, 522 
on effects of vagus section, 234 
on Hering Ereuer reflex, 234 
on spleen, 183 

Stimulus, absolute and difierential threshold, 
conditioned and unconditioned, 617 
definition of, 16 
effect of, on tissues, 16-19 
electrical, 17-19 
h'minal, 651 

maximal and minimal, 23 
propagation without loss, 16 
strength of, 23 
successive, 23 
repetition of, on reflex, 588 
Stokes’ reagent, 339 
STOMACH, absorption of food in, 437 
action of saliva in, 412 
digestion in, 414-25 
emetics on, 459 
enzymes of, 305 
gastric secretion in, 414-25 
hunger on, 667-8 
movements of, 455-7 
parasympathetic supply to, 82 
post-mortem rigidity, 49 
protection against self-digestion, 418 
structure and function of, 424-5 
vomiting on, 458-9 
Stomata, of lymphatic system, 188 - 
“ Stone,” in urine, 589 
Stratum granulosum, 562 
Stratum lucidum, 662 
Stretching, on Involuntary muscle, 16, 48 
Streptococcus, sulphonamides on, 513 
Stri® acusticse, 726 
Stroma, of ovary, 799 
Strychnine, on glycogen, 474 
on reciprocal contraction, 612 
on reflexes, 591, 615 
, on thalamus, 663 

■ Submucous coat, of alimentary canal, 401 
Substantia gelatinosa, 660 
Substrate, 304 

Succus entericus, 431-3, 438, 439 
Sucrase=invertase q.v. 

Sucrose (cane sugar), a disaccharide, 265 
absorption of, 438 
calorific value, 348 " 

description and chemistry of, 267 
hydrolysis of, 305, 472 
inversion of, by gastric juice, 416 
invertase on, 433 
specificity of enzyme, 306 
SUGAR, 262 et seq. 
absorption of, 437 
blood-. See Blood-sugar 
formation of, in diabetes; 483 
in solution, 291 
in saliva, in disease, 413 
in urine, 541 

estimation of, 546 

injection of, on hunger contractions, 668 
on tissue fluids, 191 ' 

, of eggs, 394 
of plasma, 321 
on heart action, 125 
reducing, 265 
tolerance, normal, 479 
utilisation of, 473-5 
Sulphates, in urine, 493, 536-7 
Sulphonamides, 513 
Sulphur, essential to life, 10 
excretion of, in siveat, 564 
neutral, 536 
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StJLPHijE. 

Snlpliiir — continued 
neutral, in urine, 491 
of proteins, 276 el seq. 

Summation, in conditioned reflexes, 618 
of effects (tn-o successive stimuli), 23 
of stimuli, 24 
on reflexes. 588-9 
Sunlight, 379-82 

Superposition (two succe3si%-e stimuli), 23 
Suprarenal. See Gland, adrenal 
Surface tension, 302-3 
Swallowing. See Jfeglutition 
SWEAT, 563-6 
composition of, 564 
Sweat glands, innervation of, 565-6 
Sweating, in exercise, 171 
local, 572 

loss of water and salts in, 549-50 
mental, 565 

nervous mechanisms of, 565-6 
on heat loss, 570 

on osmotic pressure of blood, 196 
on psychogalvanic reflex, 171 
on quantity of urine, 528 
sensible and insensible, 563-4 
thermal, 565 
Symes’ cannula, 123 
Sympathetic nervous system, 76-86 
Svmpathin, 67, 86, 781-2 
SYIS'APSE(S), definition of, 52 
in wliite matter, 623 
nerve impulse at, 63, 588 
nicotine on, 79-81, 86 
structure and properties, 591-3 
sympathetic, 77 
Synapsis of chromosomes, 803 
Systole, auricular and ventricular, 99-100, 102-3 
extra, 110 
vagus on, 154 
Systolic plateau, 102 


T 

Tabes. See Locomotor ataxia 
Tachypnoea, 235 
Talbot’s Law, 758 
Tapetum lucidum, 758 
Tannin, 398 
Tarsus, of eyelids, 730 
Taste, 710-12 
-buds, 710-12 
cerebral area, 641 
Taurine, 506 

Taurocholate of sodium, 506 
Tawara, ventricular node of, 109 
Tea, 397-8 

Tears, secretion of, 561, 730-1 
TEETH, 450-1 
calcium on growth of, 374 
carotene on, 381 
phosphorus in formation of, 554 
vita min D on, 381, 388 

TEHPEKATHIIE, adaptation to, physiological 
zero, 654 
body, 507-73 
control of, 694 

external temperature on, 568-9 
in starvation, 499 
rise of, in exercise, 171 
discriminative sensibility to, 658 
of inspired and expired air, 253 
of blood-vessels, 160 
of skin, 17S-9 
on blood clotting, 315, 316 
on ciliary movement, 7 
on efficiency of muscle, 30 
on enzjTne action, 307 


- Tissue. 

Temperature — continued 
on fatigue, 74 
on involuntary muscle, 49 
on muscle contraction, 23 
on muscle relaxation, 32 
on nerve impulse, 62, 63 
on respiration, 235 

on vasodilator and constrictor fibres, 164 
optimum, in factories, 75 
protective sensibility to, 658 
sensation of, 573 
sensory pathway, 601-2 ; 

Tendo-mucoid, 279 
Tendon organs of Golgi, 047 
Tension, of gases in fluids, 210 ct eej. 

Tensor palati, 722 
Tensor tympani, 717, 724 
Terpene alcohol, 274 
TESTES. 796-7 
ducts, ciliary lining of, 0 
in starvation, 500 
internal secretions of, 805-8 
pituitary control, 813 
Testosterone, 806-7 
TETA27US, 26 

contrasted with voluntary contraction, 27-S 
current of action (negative variation) in, 30 
genesis of, 67 

impossible in heart-muscle, 110 
monophasic electrical variations in, 37 
of decerebrate rigidity, 602 
of involuntary muscle, 48 
of voluntary muscles, 15 
on armnlo-spiral fibres, 647 
on blood-flow, lOS-9 
on formation of lactic acid, 249 
Tetany, after extirpation of parathjToids, 552 
in alkalamia, 561 
of croup, 240 
result of emotion, 239 
Tetrapeptides, 289 
Thalamic animal, 003 
Thalamus, 622, 663 
optic, 685 

Theca externa and interna, 799 
Thcine, 393 
Theobromine, 398 
Therm, 347 n. 

Thermopile, 43 
Thermostromulir, 161 
Thermotaxic centre, 571 
Tliiamine, 305, 384 
Thiouracid, 357 
Thirst, 669 

Thoma-Zeiss hemacytometer, 325 
Thorax, intra-thoracic pressiue and respiration, 
243-4 
Thought, 020 
Threonine, 497 
Tlueshold substances, 519 
Tluobbing, nature of, 131 
Thrombin (thrombase), activator of, 306 
catalyst of blood coagulation, 300, 315, 316-18 
formation of, in plasma clot, 321 
Tluombokinaso, 317-18 
Thymine, 280' 

Thyroid. See Gland 
Thyrotropic hormone, 788 
Thyroxine, chemistry of, 356-7 
derived from tyrosine, 280, 304, 497 
on red blood-corpuscles, 327 
Timbre, of musical sound, 703, 722 
TISSUE (TISSUES), adipose, 270, 480-7 
areolar, 333 

cancellous, of bone, 832 et seq. 
chromaphil, of adrenal medulla, 776 
connective, 8-9 
culture, 830 
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Tissue. 

Tissue — continued^ 
excitability of, 16 ct seq. 
extracts, on blood clotting, 317 
fluids, excretion of exeess, 191 
formation of, 187, 190 
function of, 193-4 
ha3morrhage on, 174 
. relationship to blood depOts, 186 
renewal of, 195 
gaseous exchanges in, 224-5 
nutrition of, 126-7 
respiration, 248 ei seg. 
spaces, function of, 195-6 
structure and function of, 5 et seg. 
tension of CO, and O, in, 227-8 
Tobacco, on autonomic ganglia, 591 
Tongue, 710-12 
Tonometers, 216 
TonsUs, 195, 401 
Tonus, 598-603 
of involuntary muscle, 48, 49 
Tooth-pulp, 450 

Tbpfcr’s test for hydrochloric acid, 436 
Touch, discriminative sensibility to, 658 
distinguished from pain, 655 
velocity of nerve impulse, 68 
sensory pathways, 661 
spots, 648-50 

Toxicity, in food absorption, 438 
Trabeculje, of lymphatic glands, 189 
Trachea, 197-9, 706 
Tracheal murmur, 204 
Tracts of spinal cord, 627 
Training, for ascent to high altitudes, 259 
on circulation, 172 
on dj’spnoea, 256 
on efflciency of the heart, 239 
on vagus restraint, 156 
parasympathetic and sympathetic during, 83 
Trapezium, 726 

Tremor, of hand, in cerebellar disease, 689 
Tiiacetin, 271 

Trichromater theory of colour vision, 764-5 

Triglycerides, 270 

Triolein. See Olein 

Trioses, 265, 272 

Tripalmitin. See Palmltin 

Tripeptides, 289 

Tristearin. See Stearin 

Trommer’s test for sucrose, 267 

Trophoblast, 822 

TRYPSIN, contrasted with pepsin, 308, 415, 427 
crystalline, 304, 309 
in preparation of insulin, 476 
of pancreatic juice, 426 
on proteins, 282, 305, 427, 439 
reversible action of, 309 
succus entericus on, 431-2 
Trypsinogen, 306, 426, 427, 431-2 
Tryptophan, an essential amino-acid, 497, 831 
absent from gelatin, 278, 288 
absent from insulin, 477 
chemistry of, 286 
colour reaction of, 281, 286 
in common proteins (table), 288 
origin of, 447 

Tubes, convoluted seminiferous, 797 
Tubes, FaUopian, 802 

Tuber cinereum, control of body temperature, 694 
Tubercle, acoustic, 726 
Tubules, kidney, 514-16 
function of, 519-21 
of testis, 797 
Tumour, cerebral, 6S6 
of frontal lobe, 642 
Tunica albuginea, 797 
Tunica propria, 607 
Tunica vaginalis, 796 


Ueine. 


Turck s method of demomstrating summation of 
chemical stimuli, 588-9 
Turpentine, excretion of, 541 
Twitch contraction, 22, 28, 36 
never elucidated reflexly, 28 
Tympanum (drum), of ear, 716 
Tyramine, 286 
Tyrode’s solution, 459, 469 
Tyrosinase, 286 

TYROSINE, an essential amino-acid, 497-8 
absent from gelatin, 278, 288 
acetone bodies yielded by, 493 
bacterial action on, 447 
chemistry of, 286 
colour reaction on, 281 
content of, in selected proteins (table), 288 
conversion to adrenaline and melanin, 566 
crystals of, 285 

in formation of adrenaline and thsrroxine, 286, 
356-7 


in urine, 539, 543 
of pancreatic juice, 427 
origin- of, 432 

Tuberculosis, on lymphocytes, 330 
vitamin C deficiency in, 386 


U 

Ulcer, gastric, 414-15, 418, 423 
importance of physical rest, 168 
Ultima moriens, 107 
Ultra-microscope, 304 

Unconsciousness, from excessive variation, 549-50 
, from insulin excess, 477-8 
UracU, 280 
Urachus, 828 
Urates, 535 

“ brick dust ” deposit in urine, 539-40 
Ursemia, 531-2 
UREA, 306, 530-2 
ammonia : urea ratio, 529, 532 
and specific dynamic action of protein, 364 
blood-. See Blood urea 

clearance and concentration tests for renal 
efficiency, 523-4 
estimation of, 544-5 
formation of, 491-3, 539 
from arginine, 287 
in acid-base equilibrium, 560 
in saliva, 413 
in urine, 491 
nitric acid test for, 531 
of cerebro-spinal fluid, 699 
of lymph, 195 
of plasma, 321, 545 
product of protein metabolism, 349 
secretion ” of into urine, 519 
synthetic, 531 

Urease, crystalline, 304, 309 
Urease method of estimating urea, 544 
Urina potiis, 529 
Urinary apparatus, 514-27 
Urinary tract, epithelium of, 5 
URINE, 528-46 
alkaline tide, 529 
blood-pressure on flow of, 518 
colour and pigments, 528 
composition of, 529-30 
constituents (table), 529-30 
deposits, 538-40 
D : N ratio, 483 
estimations, 544-6 
excretion of lactate, 40, 42 
excretion of lactic acid, 74 
excretion of phosphorus, 554 
excretion of vitamins, 384, 385, 386 
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Urine — continued 
fonnation of, 193 
hsematoporphyrin of, 337 
important data, 845 
in diabetes insipidus, 529 
in diabetes mellitus, 266, 483, 529, 532, 541 
in involution of uterus, 533 
in lactation, 267 
in starvation, 499 
ketosis on, 488-9 
masculinizing substances of, 807 
micturition, 524-7 
nitrogen, carbon, and ivater of, 472 
ffistrogenic substances of, 809 
of infants, 533 
of pregnancy, 823 
pathological, 540-3 
precipitation of phosphates, 538 
pregnancy tests, 812, 816 
products of detoxication in, 512 
products of protein metabolism in, 491, 493 
quantity, 528 
reaction, 528-9 
secretion of, 516-17 
specific gravity, 529, 541 
tests for inorganic salts, 538 
tests for pathological constituents, 540-3 
urea concentration and clearance tests, 523-4 
Urobilin, 507, 528 
Urobilinogen, 528 
Urochrome, 528 
Uro-erythrin, 528, 539 
Urotropine, 545 
Urticaria, 794 
Uterine inilk, 821, 822 
UTERUS, 802 
after parturition, 828-9 
at parturition, 827-9 
ciliary lining of upper, 6 
guinea-pig’s, use in standardising drugs, 48 
histamine on, 793 
in pregnancy, 816 
involution of, 828-9 
mascuiinus, 810 
menstrual cycle on, 816-17 
oestrogens on, 810 
pituitrin on, 790-1 
post-mortem rigidity, 49 
tonus contraction, 48, 49 
Utricle, 606-7, 608, 718-19 
Uvea, 732, 733 


V 

Vacuoles, of hepatic cells, 504 
Vagina, 802 
Vagus. See Nerve 
Valine, 285, 497 
Valsalva’s experiment, 245 
VALVE (VALVES), aortic, 88, 138-9 
auriculo-ventricuiar, 99-101, 104 
bicuspid (mitral), 88, 89 

diseased, on work of heart, 122 
leaky, 87-8 
Eustaclilan, 88, 825 
of veins, 92-3 
pulmonary, 88 
and heart sounds, 105 
semi-lunar, 89, 101 
tricuspid, 88 

Van den Bergh reaction, 507-8 
Van Dyke and Hastings solution (formula), 469 
Van Siyke’s Aeration method of estimating am- 
monia, 546 

Van Siyke’s method of estimating CO. in blood 
and plasma, 214-16 

Van Siyke’s method of protein analysis, 290 


VlSOEEAE LATER OF PLETTEA. 

Van’t Hoff’s hypothesis, 298 
Vas (ductus) deferens, 797 
ligature of, 805 
Vasa efferentia, 797 
Vasa vasorum, 126 

Vascular system, important data, 844 - 
Vasoconstrictor centre, 158-9 
fibres, 159 et seq. 
hcemorrhage on, 159 
normal stimulation of, 159 
sensitivity to arterial pressure, 159 
Vasodilator centre, 159, 163-6 
choline and acetyl-choline, 794 
nucleic acids on, 496 
stimulation by nerves, 65 
Vasomotor centres, 598 
CO. essential for response to posture, 235 
ha:moiThage on, 174 
perfusion experiments and, 162 
Vegetables, cellulose of, on intestinal movement. 

48-9 

green, as adjuncts to food, 398 
iron of, 376 
salt-deficient, 373 
VEINS, 89-90 
blood-pressure in, 137 
bronchial, T99 

effect of tying near heart, 05, 96 
functions of, 9 
hepatic, 502-4 
in cerebral circulation, 176 
in erectile tissue, 179-80 
inter- and intra-lobular, 503 
jugular, 187 
venous pulse in, 140 
portal, 502-4 
pulmonary, 199 
structure of, 91, 92 
subclavian, 187 
sub-lobular, 503 
umbilical, 825, 826 
valves of, 02-3 

vasoconstrictor nerve supply, 160 
venous pulse and polygraph, 140 
Vena cava, inferior, 87 
blood-pressure in, 137 
ligature of, and cedema, 192 
superior, 87 

Venous obstruction, 255 
Ventilation, 241-2 

positive and negative, on diaphragm, 233 
pulmonary, 228-37 
total, 208 

liigher centres on, -230 
Ventricles, of brain. 578, 622 
of heart', 87-9, 139 
of larynx, 705 
Venules, 89-90 
of skin, 178-9 
structure of, 91 

Veratrine, on muscle relaxation, 32 
Vermis, 685, 689 
Vesiculse seminales, 798 
Vesicular murmur, 204 
Vestibule, of osseous labyrinth, 718 
Vibration, sensory pathwav, 661 
Vibratory sense, 722 et scg. 

Vierordt, experiments on blood-pressure, 132 
Villi, of intestine, 399, 402 

pumping action of, 444, 460, 467 ' 

Villikinin, 460 
Virilism, 809 
adrenal cortex on, 782-3 
Viscera, afferent fibres from, 85 
sensitivity to stimuli, 85 
syihpathetic nerve supply to, 79 
Visceral layer of pleura, 198 



INDEX 


897 


Visceroptosis. 


Visceroptosis, 457 
Visibility, limits of, 757 
VISION, 730-74 
after-images, 766 et scq. 
binocular, 774 

brightness and colour contrast, 767-8 
colour, 764-9 
defective, 764-9 
field of, 761-2 
near-point, 746 
nervous paths, 769-70 
night, 766-7 
panoramic, 639-40 
range of, 746-7 

simultaneous and successive contrast, 767 
stereoscopic, 639-40 
visual acuity, 747-8 
visual area of cerebral corte.x, 639-41 
visual judgments, 772-4 
Visual purple, 735, 737-8, 755 et seg. 
photosensitivity of, 764-5 
pilocarpine on, 767 
Visual word centre, 702 
Vital activity, 299, 439, 444, 619 
Vital capacity, 205 

Vital red method of estimating blood volume, 
312-13 

VITAMINS, 377-89 
and reproduction, 816 
biological estimation of, 387 
■ in common foods (table), 389 
on growth, 831 
of fat, 485 

A, 270, 378-9, 831, 842 
on night vision, 757 
on reproduction, 816 

B, 831 

administration after adrenalectomy, 782 
on bowel tone, 464 
pyrophosphate, 310 
Bi, 382-4 

Bs, and flavin complex, 252, 305, 384-5 
riboflavin, 310 
Bi, pyridoxin, 270, 385 

C, 327, 385-6 

and flavin complex, 252 
essential for tissue repair, 831 
of adrenal cortex, 782 
on fibrous tissue, 8 

D (calciferol), -270, 273, 274, 275, 378, 379-82, 831 
co-operation with parathyroid, 553 
on absorption of calcium, 551 
on food absorption, 444 
on ossification, 841 
D-, 381 
Da, 381 
B, 386-7 

at menopause, 818 
on reproduction, 816 
H Biotin, 387 
K, 317, 320, 387 
absorption of, 510 
on formation of fibrinogen, 605 
P 386 

Vite’llin, 278, 374, 394 
ViteUoses, 283 
Vitreous humour, 732, 738 
index of refraction, 740 , 

Vocalisation, vocai cords in, 707 
Voice, 704-9 

production, 704-6 
vocal cords, 705, 706-7 
false, 706, 706 
vocal speech, 708-9 
Volition, 629 
Volta and voltaic pile, 33 
VOMITING, 468-9 


Xtiose. 


•V omiting — conti nued 
prolonged, 560 
Vowels, 708-9 


W 


Wagner’s hammer, 18 
Walking, optimum rate of, 30 
reflex, 602 

Wallerian degeneration of nerve, 56 
investigation of C.N.S., 627 

Water, 291 

absorption in large intestine, 445 
balance, 547-50 

carriage of intestinal infection by, 446 
external environment of cells, 4 
in diet, 377 

in muscle contraction, 39-42 
in starvation, 499 
“ intoxication,” 549-50 
metabolism of, 471 
of areolar tissue, 8 
of cell protoplasm, 3 
pfmuscfe, 46 
of nervous tissues, 57 
of tissue fluid, 187 
on blood-clotting, 316 
on gastric secretion, 437 
-salt balance, hormone of adrenal cortex 0 
solution of gases in, 212-13 
source of and loss of in body, 548-9 
vapour, in inspired and expired air, 253 
waste product of muscular work, 9 
Weber’s law, 648, 652 
Wave(s), dicrotic and anacrotic, 138-40 
on electro-cardiogram, 114 
propagated by nerve impulse, 63-4 
pulse, 138-40 

Weigert’s method of staining, 626, 627 

Weigert-Pal staining, 579 

Weight, appreciation of, 660 

Wernicke, area of, 703 

WheaUng, 144, 179 

Wheat, constituents of, 396 

'W'liey 392 

White’ matter, 577-8, 623-5 
of cerebellum, 685 
Water content of, 67 
White spot, 733 
Willis, circle of, 176 
Wolffian body, 780 
Word blindness, 702 
Word deafness, 702 

Work, muscular, and efficiency of muscle, 
sympathetic and, 83 
necessity of rest pauses, 74 
of the heart, 122-3 
of voluntary muscles, 9 
See also Exercise 
Worms, circulatory system in. 97 
Worms, intestinal, 310, 

Wounds, vitamin C essential for healing, 386 
Wrisberg, cartilage of, 706 


X 


XRnthine, 321, 427, 495-6 
in muscle, 46 
in urine, 539 

Xuntho-proteic reaction, 281 
X«;rophthalmia, 379, 388 
Xylose, 439 


i, 782 
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YAyrsi^G. 


Zymogens. 


Y 


Z 


ya-miing 240 
YEAST, 304 
nucleic acid, 280 
on cane sugar, 267 
on glucose, 266 
on lactose, 268 
vitaniins of, 380, 382 
Yellow spot, 733, 755 


Zein, 288, 497 
ZoUner’s lines, 774 
Zona pellucida, 802, 819 
of ovum, 799 
Zona striata, 802 
Zonule of Zinn, 738 
Zwitterions, 294 
Zymase, 267 

Zymogens, 306, 310, 404, 408, 428 
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